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There	  is	  a	  need	  to	  expand	  the	  range	  of	  analytical	  techniques	  which	  can	  be	  used	  to	  analyse	  the	  
organic	  components	  of	  geoforensic	  trace	  evidence	  in	  order	  to	  allow	  the	  discrimination	  of	  more	  
forensically	  relevant	  soils,	  situated	  at	  smaller	  distances	  from	  one	  another.	  	  Existing	  analytical	  
techniques	  used	  in	  forensic	  geoscience	  are	  based	  on	  the	  analysis	  of	  the	  inorganic	  fraction	  of	  
soil,	  which	  is	  often	  consistent	  across	  several	  kilometers,	  therefore	  a	  complementary	  analytical	  
technique	  is	  required	  in	  order	  to	  maximise	  the	  evidential	  value	  of	  soils	  and	  sediments.	  	  HPLC	  
has	  been	  proposed	  here	  as	  a	  suitable	  method,	  and	  during	  method	  development	  the	  most	  
appropriate	  methods	  for	  handling	  and	  analysing	  soil	  evidence	  by	  HPLC	  were	  selected,	  
producing	  a	  method	  that	  is	  significantly	  more	  sensitive,	  less	  costly,	  complicated	  and	  time	  
consuming	  than	  the	  methods	  proposed	  by	  previous	  authors.	  	  The	  feasibility	  of	  reliably	  
excluding	  soil	  samples	  from	  locations	  situated	  approximately	  250m	  apart	  using	  the	  new	  HPLC	  
method	  was	  demonstrated,	  and	  100%	  accuracy	  (p=0.000)	  was	  obtained	  by	  performing	  
canonical	  discriminant	  function	  analysis	  on	  the	  resulting	  HPLC	  data.	  	  The	  highly	  complex	  
chromatograms	  obtained	  present	  challenges	  during	  data	  analysis	  which	  were	  resolved	  by	  
selecting	  two	  subsets	  of	  markers,	  each	  containing	  a	  reduced	  number	  of	  peaks	  than	  the	  initial	  
data	  set.	  	  This	  experiment	  was	  repeated	  at	  three	  UK	  sites,	  over	  12-­‐18	  months,	  and	  at	  one	  site	  
in	  the	  USA,	  and	  HPLC	  was	  shown	  to	  offer	  extremely	  high	  accuracy	  rates	  in	  discriminating	  
samples	  at	  all	  four	  sites	  and	  therefore	  to	  be	  robust	  to	  changes	  in	  underlying	  geology,	  and	  to	  
provide	  highly	  accurate	  discrimination	  at	  all	  time	  points,	  and	  to	  be	  robust	  to	  delays	  between	  
sample	  collection	  and	  analysis.	  	  Collaborative	  experiments	  were	  undertaken,	  in	  which	  HPLC	  
samples	  were	  re-­‐analysed	  using	  quartz	  grain	  surface	  texture	  analysis,	  and	  wax	  marker	  profiling	  
by	  GC,	  and	  HPLC	  was	  shown	  to	  offer	  better	  discrimination	  at	  this	  close-­‐proximity	  spatial	  scale,	  
in	  addition	  to	  offering	  potential	  benefits	  in	  regulated	  and	  commercialised	  forensic	  science	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1.1	  Introduction	  	  
Forensic	  Geoscience	  applies	  the	  techniques	  developed	  to	  study	  earth	  materials	  as	  it	  pertains	  
to	  the	  courts.	  	  Earth	  materials	  include	  rocks,	  sediments	  and	  soils	  and	  their	  chemical,	  biological	  
and	  anthropogenic	  components.	  	  While	  forensic	  geoscience	  must,	  of	  course,	  pertain	  to	  the	  
law,	  the	  subject	  is	  not	  limited	  in	  scope	  to	  assisting	  police	  work,	  indeed	  it	  has	  applications	  in	  
any	  legal	  context	  where	  earth	  materials	  may	  be	  able	  to	  help	  investigators,	  judges	  or	  jurors	  
establish	  “what	  happened,	  where	  and	  when	  it	  occurred	  and	  how	  and	  why	  it	  took	  place”(Ruffell	  
and	  McKinley,	  2008:p1)	  (1).	  	  Since	  earth	  materials	  are	  highly	  transferable,	  persistent	  and	  
present	  at	  a	  wide	  variety	  of	  crime	  scenes,	  geo-­‐forensics	  can	  be	  used	  in	  a	  multitude	  of	  scenarios	  
to	  aid	  crime	  reconstruction,	  corroborate	  witness	  statements	  or	  verify	  suspect	  alibis	  (2).	  	  	  
Trace	  geo-­‐forensic	  evidence	  recovered	  from	  a	  suspect,	  victim	  or	  crime	  scene	  can	  be	  
interpreted	  in	  line	  with	  Locard’s	  exchange	  principle,	  which	  can	  be	  generalised	  as	  “whenever	  
two	  objects	  come	  into	  contact,	  there	  is	  always	  a	  transfer	  of	  material”	  (3),	  in	  order	  to	  establish	  
whether	  there	  is	  a	  potential	  link	  between	  items	  or	  locations	  of	  forensic	  interest.	  	  Trace	  geo-­‐
forensic	  evidence	  can	  be	  used	  in	  a	  predictive	  manner	  in	  order	  to	  guide	  investigators	  to	  the	  
location	  of	  its	  source,	  through	  the	  use	  of	  databases	  and	  maps	  in	  concert	  with	  expert	  local	  
knowledge	  (4,5,6).	  	  Alternatively,	  earth	  materials	  from	  known	  and	  questioned	  samples	  can	  be	  
compared	  in	  order	  to	  exclude	  or	  include	  the	  possibility	  of	  a	  common	  source.	  	  	  
Due	  to	  the	  complexity	  of	  the	  structure	  and	  composition	  of	  geo-­‐forensic	  materials,	  which	  
provides	  multiple	  criteria	  for	  comparison,	  there	  are	  a	  number	  of	  different	  ways	  in	  which	  geo-­‐
forensic	  trace	  evidence	  can	  be	  described	  and	  classified	  (7,8).	  	  Typically,	  the	  techniques	  used	  to	  
do	  this	  have	  focused	  on	  the	  physical	  or	  chemical	  characteristics	  of	  the	  mineral	  fraction	  of	  soil	  
(9,10,11),	  and	  are	  well	  established	  methods	  within	  the	  earth	  sciences	  for	  the	  purpose	  of	  
studying	  the	  processes	  and	  events	  involved	  in	  the	  formation	  of	  the	  earth	  (10).	  	  In	  the	  past,	  
geo-­‐forensic	  analyses	  have	  been	  approached	  in	  much	  the	  same	  way	  as	  traditional	  geological	  
analyses,	  arguably	  without	  due	  consideration	  of	  the	  practical	  and	  philosophical	  differences	  
between	  the	  forensic	  and	  earth	  sciences	  (12,13,14,15).	  	  It	  could,	  therefore,	  be	  considered	  
useful	  to	  develop	  analytical	  methods	  with	  the	  specific	  requirements	  of	  forensic	  casework	  
borne	  in	  mind	  (16).	  	  	  
Geo-­‐forensic	  samples	  can	  occur	  in	  a	  variety	  of	  forms	  and	  a	  number	  of	  matrices,	  and	  it	  cannot	  
be	  guaranteed	  that	  these	  will	  be	  compatible	  with	  the	  sample	  handling	  and	  analysis	  methods	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used	  in	  traditional	  geology.	  	  It	  is	  recommended	  that	  forensic	  evidence	  is	  tested	  with	  
techniques	  that	  analyse	  independent	  characteristics	  of	  the	  sample	  in	  order	  to	  provide	  
maximum	  weight	  to	  the	  conclusions	  drawn	  (13,14,15).	  	  In	  addition	  to	  the	  weathered	  rock	  
fragments,	  which	  currently	  attract	  the	  greatest	  scrutiny	  in	  geo-­‐forensic	  analyses,	  soil	  is	  
comprised	  of	  biological	  material,	  liquid	  and	  gaseous	  components	  (17),	  therefore	  there	  is	  a	  
need	  for	  more	  techniques	  capable	  for	  the	  analysis	  of	  soil	  components	  other	  than	  the	  inorganic	  
minerals	  (9,18).	  	  	  
Soil	  forms	  layers,	  or	  horizons,	  which	  have	  different	  physical,	  chemical	  and	  biological	  properties	  
depending	  on	  the	  type	  of	  soil	  and	  environmental	  conditions,	  as	  shown	  in	  figure	  1.1.	  












Figure	  1.1	  shows	  the	  uppermost	  layers	  of	  
soils,	  the	  O	  and	  A	  horizons,	  are	  richer	  in	  
organic	  matter	  (20,21),	  which	  is	  comprised	  
of	  living	  organisms,	  their	  intact	  remains	  
and	  the	  organic	  compounds	  (organic	  
compounds,	  with	  very	  few	  exceptions,	  are	  
those	  which	  contain	  carbon-­‐hydrogen	  
bonds	  and	  need	  not	  be	  biogenic)	  produced	  
by	  their	  decomposition	  plus	  any	  synthetic	  
organic	  compounds	  added	  to	  the	  soil
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There	  are	  a	  number	  of	  techniques	  designed	  to	  analyse	  organic	  compounds,	  are	  primarily	  
concerned	  with	  the	  separation,	  identification	  and	  quantification	  of	  organic	  compounds	  and	  
techniques	  exist	  which	  are	  capable	  of	  handling	  solid,	  liquid	  and	  gaseous	  samples.	  	  Appropriate	  
organic	  analytical	  techniques	  are	  well	  established	  within	  forensic	  science	  since	  these	  
compounds	  are	  found	  in	  fibres	  (22),	  explosives	  (23,24),	  accelerants	  (25),	  alcohol	  (26,27),	  drugs	  
and	  poisons	  (27,28,29)	  
	  High	  performance	  liquid	  chromatography	  (HPLC)	  is	  a	  widely	  used	  organic	  analytical	  technique,	  
which	  has	  been	  reported	  to	  be	  potentially	  useful	  in	  the	  analysis	  of	  forensic	  soil	  samples	  
(18,30,31,32).	  	  The	  purpose	  of	  this	  study	  was	  to	  redevelop	  the	  sample	  collection,	  preparation,	  
analysis	  and	  interpretative	  approaches	  used	  in	  order	  to	  assess	  the	  feasibility	  of	  the	  technique	  
for	  use	  in	  a	  more	  forensically	  relevant	  context.	  	  The	  developed	  method	  was	  intended	  to	  be	  
appropriate	  for	  comparing	  trace	  soil	  samples	  for	  the	  purposes	  of	  excluding	  crime	  scene,	  alibi	  
site	  and	  unknown	  samples	  in	  criminal	  cases.	  	  These	  contextual	  details	  are	  important,	  since	  
they	  affect	  the	  considerations	  required	  for	  correct	  interpretation	  of	  the	  evidence.	  	  The	  
question	  this	  research	  addresses	  is:	  
‘To	  what	  extent	  is	  it	  possible	  to	  distinguish	  groups	  of	  trace	  soil	  samples	  obtained	  from	  
locations	  that	  are	  located	  in	  close	  proximity	  to	  one	  another	  using	  HPLC	  analysis?’.	  
In	  order	  to	  develop	  the	  previous	  work	  and	  address	  the	  gaps	  in	  the	  forensic	  geoscience	  
literature	  identified	  and	  discussed	  in	  Chapter	  2,	  this	  study	  aims	  to	  develop	  an	  HPLC	  method	  for	  
the	  discrimination	  of	  close	  proximity,	  trace	  soil	  and	  sediment	  samples	  for	  use	  as	  forensic	  
evidence	  and	  intelligence.	  
1.2	  	  Thesis	  Outline	  
This	  thesis	  is	  comprised	  of	  nine	  chapters,	  as	  summarised	  below.	  
1.2.1	  Chapter	  2	  
The	  literature	  review	  in	  Chapter	  2	  outlines	  the	  conceptual	  foundations	  for	  this	  research	  of	  the	  
forensic	  process	  from	  the	  crime	  scene,	  through	  the	  analysis	  of	  evidence,	  and	  the	  
interpretation	  of	  analytical	  results,	  to	  the	  final	  presentation	  of	  evidence	  in	  court.	  	  A	  
background	  to	  the	  history	  of	  the	  provision	  of	  forensic	  science	  services	  in	  the	  UK	  is	  provided	  
followed	  by	  a	  summary	  of	  the	  underlying	  scientific	  theory	  of	  the	  soil	  forming	  processes	  that	  
are	  used	  in	  forensic	  geoscience.	  	  The	  techniques	  used	  previously	  in	  forensic	  geoscience	  
research	  and	  casework	  are	  also	  presented,	  alongside	  a	  discussion	  of	  the	  limitations	  of	  these	  
techniques	  and	  the	  areas	  in	  which	  research	  into	  the	  development	  of	  new	  analytical	  methods	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could	  potentially	  add	  value.	  	  	  In	  addition,	  the	  philosophical	  principles	  that	  are	  crucial	  to	  
undertaking	  sound	  scientific	  research	  within	  the	  forensic	  scienc	  domain	  and	  improving	  the	  
reliability	  of	  forensic	  evidence	  are	  examined.	  	  The	  techniques	  commonly	  used	  to	  identify	  and	  
quantify	  organic	  compounds	  are	  discussed	  and	  the	  chemical	  mechanisms	  that	  result	  in	  the	  
chromatographic	  purification	  and	  separation	  of	  sample	  mixtures	  during	  HPLC	  analyses	  are	  
presented.	  	  The	  operation	  of	  an	  HPLC	  instrument	  is	  also	  explained,	  and	  examples	  of	  	  	  the	  
application	  of	  HPLC	  in	  forensic	  science	  research	  generally,	  as	  well	  as	  forensic	  geoscience	  
specifically,	  are	  provided,	  with	  a	  discussion	  of	  the	  areas	  in	  which	  these	  studies	  lack	  validity	  and	  
could	  be	  improved	  upon	  in	  the	  current	  research.	  	  Lastly,	  the	  aims	  of	  the	  thesis	  are	  articulated.	  
1.2.2	  Chapter	  3	  
In	  chapter	  3,	  a	  series	  of	  method	  development	  experiments	  are	  presented	  in	  which	  the	  sample	  
preparation	  and	  handling	  procedure	  and	  HPLC	  parameters	  are	  optimised.	  	  The	  aim	  of	  the	  
research	  presented	  in	  this	  chapter	  was	  to	  improve	  upon	  the	  practicality	  of	  the	  methodology	  
proposed	  by	  previous	  authors,	  and	  to	  develop	  a	  user-­‐friendly	  method,	  appropriate	  for	  use	  in	  a	  
commercial	  laboratory,	  by	  simplifying	  the	  sample	  preparation	  method,	  reducing	  the	  time	  
required	  to	  complete	  the	  analysis,	  and	  reducing	  the	  quantity	  of	  soil	  required	  relative	  to	  
previous	  studies.	  	  A	  variety	  of	  analytical	  solvents	  and	  mobile	  phase	  gradients	  were	  trialled,	  in	  
addition	  to	  various	  different	  types	  of	  HPLC	  column,	  resulting	  in	  a	  reduction	  in	  the	  run	  time	  in	  
relation	  to	  previous	  research.	  	  The	  sample	  preparation	  method	  is	  simplified,	  reducing	  the	  
sample	  preparation	  time	  and	  the	  cost	  of	  the	  technique,	  and	  the	  amount	  of	  soil	  required	  for	  
each	  analysis	  is	  reduced	  to	  250mg.	  	  In	  addition,	  the	  stability	  of	  the	  prepared	  samples	  was	  
investigated	  and	  the	  effect	  of	  different	  types	  of	  packaging	  and	  storage	  conditions	  monitored.	  	  
Two	  new,	  practical	  methods	  for	  sample	  handling,	  preparation	  and	  HPLC	  analysis	  are	  
presented,	  which	  are	  used	  to	  generate	  the	  results	  of	  chapters	  4-­‐7,	  and	  method	  development	  
for	  the	  initial	  analytical	  method	  has	  been	  presented	  by	  McCulloch	  et.	  al.	  (33)	  
1.2.3	  	  Chapter	  4	  
The	  aim	  of	  chapter	  4	  was	  to	  determine	  the	  ability	  of	  one	  of	  the	  new	  methods,	  developed	  in	  
chapter	  3,	  to	  discriminate	  samples	  from	  close-­‐proximity	  locations	  in	  order	  to	  demonstrate	  the	  
feasibility	  of	  developing	  HPLC	  for	  use	  as	  a	  tool	  for	  forensic	  geoscience.	  	  Samples	  were	  collected	  
from	  close-­‐proximity	  locations	  within	  a	  discrete	  sample	  site	  at	  Brockwell	  Park	  in	  London	  and	  
analysed	  using	  one	  of	  the	  new	  methods	  developed	  in	  chapter	  3,	  100%	  accuracy	  in	  grouping	  
samples	  according	  to	  provenance	  was	  achieved	  in	  this	  study	  indicating	  that	  the	  technique	  is	  
well	  suited	  to	  discriminating	  close-­‐proximity	  trace	  soil	  samples	  on	  an	  exclusionary	  basis.	  	  This	  
feasibility	  study	  has	  also	  been	  presented	  by	  McCulloch	  et.	  al.	  (33)	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1.2.4	  	  Chapter	  5	  
The	  aim	  of	  chapter	  5	  was	  to	  reduce	  the	  time	  taken	  to	  complete	  each	  analysis.	  	  This	  chapter	  
describes	  the	  various	  data	  analysis	  strategies	  used	  in	  the	  thesis	  and	  the	  steps	  taken	  to	  improve	  
the	  speed	  with	  which	  results	  can	  be	  delivered	  using	  the	  new	  HPLC	  method.	  	  The	  data	  produced	  
from	  samples	  collected	  from	  four	  different	  sites	  was	  analysed	  by	  visual	  comparison	  and	  
statistical	  analysis	  and	  two	  sets	  of	  marker	  peaks	  are	  identified	  that	  are	  capable	  of	  producing	  
consistently	  high	  rates	  of	  accuracy,	  reducing	  the	  time	  taken	  to	  complete	  the	  data	  analysis	  from	  
several	  weeks	  to	  less	  than	  five	  minutes,	  significantly	  improving	  the	  practicality	  and	  cost	  of	  
performing	  the	  analysis	  and,	  therefore	  improving	  the	  suitability	  of	  the	  method	  for	  use	  in	  a	  
commercial	  laboratory.	  	  	  
Some	  of	  the	  work	  to	  identify	  one	  of	  the	  peak	  marker	  sets	  used	  the	  R	  “Subselect”	  package,	  and	  
this	  step	  was	  performed	  at	  the	  James	  Hutton	  Institute	  by	  Dr	  Mark	  Brewer	  of	  Biomathematics	  
and	  Statistics	  Scotland	  (BioSS).	  	  Aspects	  of	  this	  work	  have	  been	  submitted	  for	  publication	  in	  
Forensic	  Science	  International	  (34)	  	  
1.2.5	  	  Chapter	  6	  
The	  aim	  of	  chapter	  6	  was	  to	  apply	  the	  technique	  to	  samples	  from	  locations	  representing	  a	  
range	  of	  underlying	  geologies,	  and	  to	  monitor	  temporal	  variations	  in	  soil	  chromatography	  in	  
order	  to	  verify	  the	  ability	  of	  the	  technique	  to	  provide	  accurate	  results	  at	  different	  times	  of	  year	  
and	  in	  different	  locations,	  and	  identify	  the	  effects	  of	  delayed	  sample	  collection	  on	  the	  ability	  to	  
reliably	  discriminate	  samples.	  	  	  Samples	  from	  four	  sites,	  from	  the	  UK	  and	  USA,	  are	  collected	  
across	  an	  18	  month	  timescale	  and	  analysed	  in	  chapter	  6	  using	  the	  new	  methodology	  and	  
marker	  sets,	  and	  high	  rates	  of	  accuracy	  are	  achieved	  in	  all	  of	  the	  discriminant	  analyses,	  and	  in	  
addition,	  one	  of	  the	  peak	  sets	  identified	  in	  chapter	  5	  is	  shown	  to	  be	  robust	  to	  delays	  in	  sample	  
collection,	  suggesting	  the	  suitability	  and	  practicality	  of	  the	  new	  HPLC	  method	  for	  general	  use.	  	  
The	  results	  obtained	  for	  the	  four	  sample	  sites	  at	  the	  winter	  time	  point	  have	  been	  presented	  by	  
McCulloch	  et.	  al.	  (34)	  (35)	  
1.2.6	  	  Chapter	  7	  
The	  aim	  of	  chapter	  7	  was	  to	  compare	  the	  discriminatory	  power	  of	  the	  method	  with	  existing	  
geoforensic	  techniques	  in	  order	  to	  determine	  the	  ability	  of	  the	  new	  HPLC	  to	  contribute	  to	  the	  
existing	  suite	  of	  tools	  for	  forensic	  geoscience.	  	  	  	  Samples	  were	  analysed	  using	  the	  new	  HPLC	  
technique,	  and	  by	  GC	  to	  determine	  the	  wax	  marker	  profiles,	  which	  is	  the	  established	  technique	  
for	  analysing	  the	  organic	  fraction	  of	  soil	  in	  forensic	  investigations,	  and	  with	  Quartz	  Grain	  
Surface	  Texture	  Analysis	  (QGSTA),	  which	  is	  one	  of	  the	  established	  techniques	  for	  analysing	  the	  
inorganic	  fraction	  of	  forensic	  soils	  and	  sediments.	  	  The	  new	  HPLC	  technique	  was	  found	  to	  be	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substantially	  quicker	  than	  both	  existing	  techniques,	  and	  far	  less	  complicated	  than	  the	  GC	  
technique,	  and	  shown	  to	  provide	  better	  discrimination	  of	  close	  proximity	  samples	  than	  both	  
the	  established	  techniques.	  	  The	  results	  of	  this	  chapter	  suggest	  that	  combined	  application	  of	  
the	  new	  technique	  alongside	  existing	  techniques	  can	  be	  beneficial	  in	  terms	  of	  the	  cost,	  speed,	  
practicality	  and	  overall	  accuracy	  of	  the	  analyses,	  in	  addition	  to	  strengthening	  the	  evidential	  
value	  of	  forensic	  soil	  traces	  when	  used	  with	  independent	  techniques	  such	  as	  QGSTA.	  	  	  	  The	  
comparison	  of	  HPLC	  and	  QGSTA	  has	  also	  been	  presented	  by	  McCulloch	  et.	  al.	  (33)	  while	  the	  
comparison	  of	  the	  results	  obtained	  by	  GC	  and	  HPLC	  have	  also	  been	  submitted	  for	  publication	  
(35)	  and	  Dr	  Peter	  Bull	  and	  Dr	  Ruth	  Morgan	  both	  assisted	  with	  sample	  preparation	  and	  the	  
assessment	  of	  the	  grain	  type	  characteristics	  for	  the	  QGSTA.	  
1.2.7	  	  Chapter	  8	  
Chapter	  8	  presents	  a	  summary	  of	  the	  key	  themes	  of	  the	  thesis	  and	  summarises	  the	  main	  
findings	  of	  the	  research,	  and	  their	  implications	  on	  current	  forensic	  geoscience	  capabilities.	  	  In	  
addition,	  potential	  avenues	  for	  future	  research	  are	  outlined.	  
1.2.8	  	  Chapter	  9	  
Chapter	  9	  presents	  the	  conclusions	  of	  the	  thesis,	  and	  an	  assessment	  of	  the	  extent	  to	  which	  the	  
seven	  objectives,	  provided	  in	  chapter	  2,	  have	  been	  achieved
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2	  Literature	  Review	   	  
2.1	  The	  Forensic	  Process	  
Forensic	  Science	  is	  a	  broad	  field,	  encompassing	  all	  scientific	  endeavours	  to	  assist	  legal	  
proceedings,	  both	  criminal	  and	  civil,	  and	  though	  the	  techniques	  used	  in	  forensic	  science	  that	  
originate	  from	  a	  range	  of	  different	  disciplines.	  	  All	  forensic	  science	  follows	  the	  same	  process	  
and	  lies	  within	  the	  same	  conceptual	  framework.	  	  The	  forensic	  process	  was	  traditionally	  
considered	  to	  encompass	  those	  activities	  occurring	  at	  the	  crime	  scene,	  the	  analysis	  of	  
evidence,	  interpretation	  of	  analytical	  data,	  and	  presentation	  of	  the	  results	  to	  assist	  the	  triers	  of	  
fact	  in	  court,	  as	  shown	  in	  figure	  2.1,	  and	  was	  based	  on	  five	  basic	  concepts:	  Transfer;	  	  
Identification;	  	  Individualisation;	  Association;	  Reconstruction	  (36,37,38,39,40).	  
Figure	  2.1	  Process	  diagram	  representing	  the	  simplified	  forensic	  process.	  
	  
More	  recently,	  however,	  this	  framework	  was	  expanded	  by	  Inman	  and	  Rudin	  (41),	  and	  
reiterated	  by	  Morgan	  and	  Bull	  (13),	  to	  include	  the	  division	  of	  matter	  as	  a	  sixth	  central	  tenet	  of	  
the	  forensic	  process,	  which	  is	  illustrated	  in	  figure	  2.2.	  	  	  In	  this	  updated	  forensic	  paradigm,	  the	  
division	  of	  matter	  must	  happen	  before	  the	  transfer	  of	  evidence	  can	  occur.	  	  	  	  
The	  schematic	  provided	  by	  Inman	  and	  Rudin	  (41),	  and	  shown	  in	  figure	  2.2,	  depicts	  the	  
different	  phases	  through	  which	  evidence	  passes,	  and	  the	  complexity	  of	  processes	  occurring	  on	  
the	  journey	  from	  crime	  scene	  to	  court.	  	  As	  the	  division	  and	  transfer	  of	  matter	  are	  processes	  
occurring	  continuously	  for	  all	  events,	  whether	  of	  forensic	  interest	  or	  not,	  the	  processes	  that	  
are	  specifically	  relevant	  to	  forensic	  investigations	  can	  be	  simplified	  as	  crime	  scene,	  analysis,	  
interpretation	  and	  presentation,	  which	  is	  summarised	  in	  figure	  2.1.	  	  The	  experimental	  research	  
in	  this	  thesis	  broadly	  pertains	  to	  the	  analysis	  stage	  of	  the	  forensic	  process,	  however	  since	  all	  of	  
the	  stages	  impact	  on	  one	  another	  and	  are	  interrelated,	  all	  of	  the	  practical	  work	  undertaken	  for	  
this	  research	  is	  carried	  out	  in	  the	  context	  of	  its	  position	  within	  the	  holistic	  process,	  thus	  the	  
research	  has	  relevance	  to	  the	  crime	  scene,	  interpretation,	  or	  presentation	  stages	  of	  the	  
process.	  	  
	  




Figure	  2.2	  Schematic	  diagram	  representing	  the	  forensic	  process	  as	  presented	  by	  
Inman	  and	  Rudin	  (41)	  
	  
2.1.1	  The	  Division,	  Transfer	  and	  Persistence	  of	  Matter	  
The	  first	  step,	  the	  division	  of	  matter	  occurs	  when	  a	  physical	  action,	  and	  the	  energy	  created	  by	  
the	  action,	  cause	  a	  discrete	  object	  to	  break	  apart	  into	  smaller	  constituents.	  	  The	  act	  of	  division	  
itself	  may,	  for	  some	  materials,	  under	  very	  specific	  circumstances	  create	  features	  that	  allow	  the	  
unambiguous	  association	  of	  the	  constituent	  parts	  to	  the	  larger	  object,	  	  for	  instance	  a	  physical	  
“match”	  between	  a	  fragment	  of	  	  broken	  glass	  and	  the	  remainder	  of	  the	  bottle	  it	  came	  from	  
(41).	  	  	  In	  some	  cases,	  the	  products	  of	  the	  division	  of	  matter	  will	  retain	  some	  properties	  which	  
are	  so	  complex	  or	  rare	  that	  they	  are	  unique	  to	  the	  original	  object	  allowing	  the	  components	  to	  
be	  linked	  to	  their	  specific	  source,	  for	  instance	  the	  DNA	  profile	  extracted	  from	  a	  cell	  may	  be	  
sufficiently	  complex	  to	  attribute	  the	  source	  to	  the	  individual	  who	  shed	  that	  cell.	  	  Depending	  on	  
the	  strength	  of	  the	  forces	  involved,	  however,	  the	  division	  of	  matter	  may	  also	  result	  in	  the	  loss	  
of	  some	  of	  the	  observable,	  characteristic	  properties	  of	  the	  original	  object,	  for	  instance	  the	  
resulting	  constituents	  may	  be	  so	  small	  in	  size	  that	  the	  shape	  and	  structure	  of	  the	  original	  item	  
are	  no	  longer	  observable,	  hindering	  elucidation	  of	  their	  specific	  origin,	  however,	  for	  instance,	  
the	  chemical	  composition	  of	  the	  parts	  is	  likely	  to	  remain	  unchanged,	  particularly	  for	  
manufactured	  items,	  allowing	  for	  the	  small	  constituent	  parts	  to	  be	  attributed	  to	  any	  object	  
with	  the	  same	  composition,	  including	  the	  specific	  source	  object.	  	  The	  extent	  to	  which	  these	  
properties	  are	  retained	  is	  directly	  dependant	  on	  the	  degree	  of	  homogeneity	  of	  the	  original	  
object.	  	  After	  division,	  the	  physical	  environment	  and	  forces	  acting	  on	  the	  original	  source	  object	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and	  the	  smaller	  constituents	  will	  be	  likely	  to	  be	  different,	  potentially	  causing	  changes	  to	  the	  
structure	  and	  composition	  that	  vary	  for	  the	  source	  object	  and	  each	  of	  the	  constituent	  parts.	  	  
Any	  differences	  arising	  as	  a	  result	  of	  the	  consequences	  of	  the	  division	  of	  the	  matter,	  may	  
create	  differences	  between	  the	  analytical	  data	  generated	  from	  the	  original	  object,	  and	  the	  
data	  from	  the	  constituents.	  	  	  The	  division	  of	  matter	  is	  therefore	  an	  important	  addition	  to	  the	  
conceptual	  framework	  used	  in	  the	  analysis,	  interpretation	  and	  discussion	  of	  forensic	  evidence	  
since	  it	  enables	  appropriate	  consideration	  of	  the	  relationship	  between	  the	  properties	  of	  the	  
proposed	  source	  material	  and	  the	  smaller	  constituents	  produced	  from	  the	  division	  of	  matter	  
recovered	  from	  a	  crime	  scene	  (41,13)	  
After	  the	  division	  of	  matter	  has	  occurred,	  material	  can	  then	  be	  transferred	  to	  other	  surfaces	  
and	  objects.	  Locard’s	  exchange	  principle	  that	  “every	  contact	  leaves	  a	  trace”	  states	  that	  
“whenever	  two	  objects	  come	  into	  contact,	  there	  is	  always	  a	  transfer	  of	  material.	  	  The	  methods	  
of	  detection	  may	  not	  be	  sensitive	  enough	  to	  demonstrate	  this,	  or	  the	  decay	  rate	  may	  be	  so	  
rapid	  that	  all	  evidence	  of	  transfer	  has	  vanished	  after	  a	  given	  time,	  nonetheless	  the	  transfer	  has	  
taken	  place”	  (42)(Murray	  and	  Tedrow,	  1992:p7).	  	  It	  is	  argued	  that	  it	  is	  this	  principle	  that	  
provides	  the	  underlying	  foundation	  for	  the	  forensic	  sciences,	  and	  it	  is	  this	  principle	  that	  
undergirds	  all	  the	  inferences	  that	  are	  made	  about	  materials	  within	  crime	  reconstructions.	  	  The	  
division	  and	  transfer	  of	  matter	  happens	  in	  all	  contact	  situations	  between	  objects	  and	  is	  not	  
restricted	  to	  forensic	  events.	  Therefore	  it	  is	  essential	  to	  consider	  that	  the	  transfer	  of	  material	  
to	  an	  object,	  which	  is	  later	  used	  as	  forensic	  evidence,	  may	  have	  occurred	  before,	  during	  or	  
after	  a	  crime	  event	  and	  that	  any	  traces	  of	  material	  recovered	  are	  likely	  to	  be	  a	  mixture	  of	  the	  
results	  of	  these	  pre-­‐,	  syn-­‐	  and	  post-­‐forensic	  transfers	  (13)	  (14)	  (43).	  	  This	  has	  important	  
implications	  for	  analytical	  techniques	  that	  generate	  complex	  profiles	  which	  are	  then	  used	  to	  
individualise	  or	  determine	  the	  provenance	  of	  a	  trace,	  as	  these	  profiles	  may	  be	  the	  result	  of	  a	  
pure,	  single	  source	  or	  the	  combination	  of	  the	  profiles	  of	  an	  unknown	  number	  of	  sources,	  
mixed	  together	  in	  unknown	  ratios.	  	  	  Another	  important	  consideration	  is	  that	  once	  the	  initial	  
primary	  transfer	  occurs	  as	  a	  result	  of	  contact	  between	  two	  objects,	  for	  instance	  the	  transfer	  of	  
fibres	  from	  an	  item	  of	  clothing	  to	  an	  item	  of	  furniture	  and	  vice	  versa,	  and	  each	  of	  these	  objects	  
may	  subsequently	  come	  into	  contact	  with	  new	  objects,	  for	  instance	  the	  original	  item	  of	  
clothing	  may	  be	  stored	  next	  to	  another	  garment,	  and	  in	  doing	  so	  there	  may	  be	  a	  secondary	  
transfer	  of	  fibres	  from	  the	  furniture	  to	  the	  garment	  with	  which	  it	  has	  had	  no	  direct	  contact.	  	  
These	  indirect	  transfers	  have	  been	  demonstrated	  to	  continue	  to	  occur	  as	  tertiary	  transfers,	  
quaternary	  transfers	  and	  so	  on	  (44)	  and	  this	  type	  of	  interaction	  must	  be	  considered	  during	  
interpretation	  of	  such	  trace	  evidence.	  	  	  Transfer	  of	  material	  may	  be	  one-­‐way	  or	  two-­‐way	  in	  
nature	  so,	  for	  example,	  physical	  contact	  between	  an	  offender	  and	  a	  victim	  during	  an	  assault	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may	  result	  in	  transfer	  of	  fibres	  from	  the	  clothing	  of	  an	  offender	  to	  the	  skin	  of	  the	  victim,	  
likewise	  cells	  from	  the	  skin	  of	  the	  victim	  may	  be	  transferred	  to	  the	  clothing	  of	  an	  offender,	  
both	  of	  which	  are	  examples	  of	  a	  one-­‐way	  transfer,	  whereas	  it	  may	  be	  that	  both	  processes	  
occur	  simultaneously,	  in	  a	  two-­‐way	  transfer	  (14).	  	  In	  addition	  to	  transfers	  resulting	  from	  
contact,	  there	  may	  be	  transfer	  through	  air,	  particularly	  for	  lightweight	  or	  particulate	  matter,	  
without	  any	  contact	  being	  made,	  for	  instance	  a	  hair	  may	  be	  transferred	  onto	  clothing	  via	  air	  
currents	  and	  gravity.	  	  Lastly,	  when	  considering	  the	  evidential	  value	  of	  transferred	  material,	  it	  is	  
important	  to	  consider	  the	  size,	  shape,	  weight	  and	  texture	  of	  the	  objects	  and	  the	  forces	  
involved	  in	  the	  transfer	  and	  subsequent	  use	  of	  the	  objects	  as	  these	  factors	  affect	  the	  extent	  to	  
which	  transferred	  material	  is	  likely	  to	  be	  retained	  during	  the	  initial	  contact	  as	  well	  as	  the	  rate	  
at	  which	  it	  is	  lost	  from	  the	  surface	  after	  transfer.	  
In	  light	  of	  the	  numerous	  factors	  related	  to	  the	  transfer	  of	  evidence,	  that	  may	  confound	  
attempts	  to	  identify	  any	  specific	  source,	  there	  is	  a	  need	  for	  experimental	  research	  into	  the	  
transfer	  and	  persistence	  of	  a	  range	  of	  types	  of	  physical	  evidence	  on	  a	  variety	  of	  different	  
surfaces,	  that	  is	  relevant	  to	  the	  specific	  circumstances	  encountered	  in	  forensic	  casework,	  in	  
order	  to	  build	  up	  empirical	  data	  against	  which	  to	  assess	  the	  significance	  of	  forensic	  test	  results	  
(16).	  	  
2.1.2	  Detection	  and	  Sampling	  
The	  next	  step	  in	  the	  forensic	  process	  is	  the	  first	  point	  at	  which	  the	  mechanisms	  involved	  
become	  a	  matter	  of	  importance	  for	  forensic	  inference	  and	  crime	  reconstruction,	  since	  the	  
division	  and	  transfer	  of	  matter	  are	  not	  limited	  to	  forensic	  scenarios.	  	  Once	  a	  crime	  is	  detected,	  
investigators	  begin	  to	  search	  for	  evidence	  at	  the	  crime	  scene,	  and	  in	  order	  for	  evidence	  to	  be	  
collected,	  it	  must	  first	  be	  observed	  and	  recognised	  as	  potentially	  useful	  evidence	  and	  therefore	  
it	  is	  essential	  that	  researchers	  continue	  to	  provide	  investigators	  with	  the	  tools	  with	  which	  to	  
search	  for	  evidence	  at	  the	  crime	  scene,	  for	  instance	  improved	  light	  sources	  to	  aid	  visualisation	  
of	  bodily	  fluids	  or	  finger	  marks	  (45).	  	  In	  addition,	  there	  is	  a	  need	  for	  research	  to	  investigate	  the	  
mechanisms	  through	  which	  evidence	  is	  changed	  and	  transported	  during	  and	  following	  a	  crime,	  
in	  order	  that	  important	  evidence	  can	  be	  located	  and	  recognised	  quickly,	  for	  instance	  it	  may	  not	  
be	  possible	  to	  recover	  fragments	  from	  a	  bomb	  blast	  without	  knowing	  where	  such	  particles	  are	  
deposited	  after	  an	  explosion	  (46),	  and	  likewise,	  it	  is	  not	  possible	  to	  collect	  a	  sample	  from	  an	  
aged	  bloodstain	  without	  understanding	  the	  way	  the	  appearance	  of	  blood	  changes	  over	  time	  
(47).	  	  Furthermore,	  in	  light	  of	  the	  multiple,	  complex	  ways	  in	  which	  matter	  may	  be	  indirectly	  
transferred,	  it	  is	  necessary	  to	  research	  improved	  crime	  scene	  procedures	  and	  products,	  such	  as	  
new	  types	  of	  packaging	  and	  evidence-­‐based	  protocols	  on	  how	  evidence	  should	  be	  stored	  and	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transported,	  which	  are	  specifically	  designed	  to	  reduce	  any	  risk	  to	  the	  integrity	  of	  the	  evidence,	  
such	  as	  contamination	  or	  alteration	  of	  the	  properties	  of	  the	  evidence	  (48)	  (49)	  (50)	  (51)	  (52).	  
2.1.3	  	  Analysis	  
Following	  collection	  of	  evidence	  at	  the	  crime	  scene,	  the	  evidence	  can	  then	  be	  analysed	  by	  
forensic	  scientists,	  which	  typically	  involves	  measurement	  and	  assessment	  of	  the	  physical	  
characteristics,	  such	  as	  the	  shape	  and	  structure,	  or	  the	  biological	  or	  chemical	  composition	  of	  
the	  samples	  in	  order	  to	  determine	  their	  identity	  or	  to	  individualise	  their	  origin	  to	  a	  specific	  
source.	  	  	  	  In	  forensic	  science,	  identification	  is	  the	  process	  of	  classifying	  evidence	  and	  broadly	  
pertains	  to	  studies	  that	  attempt	  to	  answer	  the	  question	  “what	  is	  it?”	  (41)while	  
individualisation	  searches	  for	  an	  answer	  to	  the	  more	  specific	  question	  of	  “which	  one	  is	  it?”	  (41)	  
to	  place	  the	  item	  into	  a	  class	  of	  one.	  	  
In	  recent	  years,	  there	  has	  been	  pressure	  from	  the	  wider	  scientific	  community,	  governing	  
bodies	  and	  the	  criminal	  justice	  system	  for	  more	  research	  to	  improve	  the	  analytical	  methods	  
used	  by	  forensic	  scientists	  to	  analyse	  evidence,	  to	  ensure	  they	  are	  based	  on	  sound	  scientific	  
principles	  (53)	  (54)	  (55)	  (56).	  	  	  The	  process	  of	  designing	  a	  new	  way	  to	  test	  a	  particular	  material	  
is	  known	  as	  method	  development,	  which	  typically	  involves	  experiments	  to	  ensure	  that	  the	  
proposed	  test	  material,	  or	  analyte,	  can	  be	  extracted	  from	  the	  expected	  sample	  medium,	  and	  
that	  the	  analyte	  can	  be	  detected,	  identified,	  and	  quantified	  in	  a	  timely,	  cost	  effective	  and	  
timely	  manner,	  and	  that	  the	  methods	  of	  storing,	  handling	  and	  preparing	  the	  samples	  for	  
analysis	  do	  not	  change	  the	  composition	  of	  the	  analyte	  or	  affect	  the	  analytical	  result.	  	  Analytical	  
scientists	  working	  in	  other	  disciplines,	  such	  as	  materials	  science	  or	  drug	  discovery,	  use	  a	  
holistic,	  risk	  based	  approach	  to	  analysis,	  sometimes	  referred	  to	  as	  “quality	  by	  design”	  (57).	  	  
This	  strategy	  acknowledges	  that	  it	  is	  philosophically	  impossible	  to	  assure	  the	  quality	  of	  a	  group	  
of	  items	  through	  testing	  alone,	  without	  testing	  each	  and	  every	  item	  individually,	  and	  that	  it	  is	  
therefore	  essential	  to	  ensure	  that	  all	  steps	  in	  the	  lifecycle	  of	  the	  test	  item	  are	  well	  understood	  
and	  controlled	  in	  order	  to	  minimise	  any	  potential	  risk	  to	  the	  quality	  of	  that	  item	  or	  the	  
accuracy	  of	  the	  analytical	  results	  (58).	  	  	  
For	  forensic	  analyses	  however,	  it	  is	  not	  possible	  for	  the	  analyst	  to	  completely	  control	  the	  
lifecycle	  of	  the	  test	  item	  to	  eliminate	  potential	  risks	  to	  the	  accuracy	  of	  the	  test	  result,	  since	  
accuracy	  is	  a	  measure	  of	  the	  agreement	  between	  the	  measured	  value	  and	  the	  true	  or	  accepted	  
value,	  which	  can	  never	  be	  established	  for	  forensic	  samples.	  	  It	  is	  therefore	  important	  that	  
method	  development	  accounts	  for	  this	  and	  that	  test	  methods	  are	  designed	  to	  be	  suitable	  for	  
non-­‐ideal	  samples	  that	  may	  be	  aged,	  degraded	  or	  contaminated,	  and	  that	  the	  results	  are	  
robust	  to	  a	  variety	  of	  likely,	  but	  uncontrollable,	  sources	  of	  variability.	  	  	  One	  of	  the	  primary	  ways	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in	  which	  forensic	  scientists	  can	  justify	  confidence	  in	  the	  results	  of	  their	  analyses	  is	  through	  
validation	  of	  the	  methods	  used	  to	  obtain	  them.	  	  Validation	  is	  defined	  by	  the	  international	  
standards	  organisation	  (the	  ISO)	  as	  “the	  confirmation	  by	  examination	  and	  provision	  of	  
objective	  evidence	  that	  the	  particular	  requirements	  for	  a	  specific	  intended	  use	  are	  fulfilled”	  
(ISO/IEC,	  2005:	  Clause	  5.4.5.1	  )	  (59)and	  by	  the	  UK	  forensic	  science	  regulator	  (the	  Regulator)	  as	  
“The	  process	  of	  providing	  objective	  evidence	  that	  a	  method,	  process	  or	  device	  is	  fit	  for	  the	  
specific	  purpose	  intended.”	  (The	  Forensic	  Science	  Regulator,	  2014:6)	  (60)	  	  	  	  There	  are	  a	  
number	  of	  indicators	  of	  whether	  a	  method	  is	  fit	  for	  purpose	  that	  should	  be	  verified	  during	  
method	  validation,	  that	  depend	  on	  the	  requirements	  of	  the	  end	  user	  and	  the	  purpose	  of	  the	  
analysis,	  and	  the	  list	  of	  issues	  which	  must	  be	  considered	  when	  validating	  forensic	  sampling	  and	  
analysis	  methods,	  detailed	  by	  the	  International	  Laboratory	  Accreditation	  Cooperation’s	  
guidelines	  on	  the	  forensic	  science	  process,	  contains	  the	  following:	  Intended	  purpose	  and	  
limitations;	  sampling	  strategy;	  sample	  homogeneity;	  accuracy;	  precision;	  measurement	  
uncertainty;	  matrix	  effects	  ;	  interference;	  limit	  of	  detection;	  limit	  of	  quantification;	  linearity	  
range;	  stability	  of	  measured	  compounds;	  specificity	  and	  
selectivity;	  repeatability;	  reproducibility;	  robustness	  (61).	  	  
The	  first	  step	  of	  method	  validation	  in	  the	  framework	  set	  out	  by	  the	  Regulator	  is	  to	  define	  the	  
scope	  of	  the	  analysis,	  which	  involves	  outlining	  the	  specific	  circumstances	  in	  which	  the	  analysis	  
is	  intended	  to	  be	  used,	  and	  for	  what	  purpose	  (60).	  	  It	  is	  therefore	  not	  possible	  to	  validate	  an	  
analytical	  method	  without	  careful	  consideration	  of	  how	  the	  samples	  have	  first	  been	  
transferred	  and	  collected	  and	  how	  the	  resulting	  data	  will	  be	  used	  in	  crime	  reconstruction	  and	  
presented	  in	  court.	  
2.1.4	  Interpretation	  and	  Presentation	  
Following	  testing	  in	  the	  forensic	  laboratory,	  the	  analytical	  data	  must	  be	  interpreted	  correctly	  in	  
order	  to	  enable	  crime	  reconstruction	  and	  to	  ensure	  that	  the	  evidence	  is	  presented	  accurately	  
in	  court.	  	  Evidence	  is	  analysed	  with	  the	  ultimate	  aim	  of	  making	  comparisons	  between	  the	  
recovered	  evidence,	  the	  source	  of	  which	  is	  unknown	  or	  questioned,	  and	  another	  object	  of	  
known	  source	  that	  is	  relevant	  to	  the	  forensic	  case,	  for	  instance	  a	  reference	  sample	  collected	  
from	  a	  suspect	  or	  the	  crime	  scene,	  therefore	  the	  analytical	  techniques	  used	  must	  be	  able	  to	  
discriminate	  between	  items	  of	  different	  provenance	  in	  order	  to	  exclude	  potential	  common	  
sources	  and	  interpret	  the	  data	  correctly.	  	  	  Such	  comparisons	  may	  be	  made	  against	  reference	  
samples	  collected	  specifically	  for	  a	  particular	  case,	  or	  through	  the	  use	  of	  a	  database	  of	  samples	  
collected	  previously,	  and	  it	  is	  essential	  that	  comparisons	  are	  made	  on	  a	  like-­‐with-­‐like	  basis	  in	  
order	  to	  correctly	  exclude	  potential	  common	  sources	  (12).	  	  In	  order	  that	  databases	  can	  be	  
used	  effectively	  in	  forensic	  cases,	  the	  reference	  samples	  in	  the	  database	  must	  be	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representative	  of	  the	  source	  material	  (62)	  and	  must	  have	  been	  subject	  to	  the	  same	  conditions	  
and	  treatment	  as	  the	  evidential	  sample,	  which	  not	  only	  impacts	  on	  the	  way	  evidential	  samples	  
should	  be	  collected,	  handled	  and	  analysed	  in	  order	  to	  maintain	  consistency	  with	  reference	  
samples	  but	  also	  limits	  the	  use	  of	  databases	  to	  cases	  where	  evidential	  samples	  have	  been	  or	  
can	  be	  collected	  and	  tested	  in	  the	  same	  manner	  as	  the	  reference	  samples.	  	  While	  it	  is	  possible	  
to	  construct	  large	  databases	  of	  relevant	  reference	  samples	  for	  evidence	  such	  as	  DNA,	  which	  
allows	  for	  probabilistic	  interpretation	  of	  the	  resulting	  data	  through	  comparison	  with	  
population	  based	  statistics	  on	  the	  frequency	  of	  alleles,	  for	  many	  types	  of	  evidence,	  including	  
geoforensic	  evidence,	  there	  has	  been	  insufficient	  existing	  empirical	  data	  generated	  using	  
experimental	  designs	  that	  are	  pertinent	  to	  specific	  case	  circumstances	  to	  allow	  comparisons	  to	  
be	  made	  with	  such	  a	  high	  degree	  of	  statistical	  significance,	  and	  therefore	  interpretation	  for	  
these	  types	  of	  evidence	  are	  made	  with	  reference	  to	  a	  small	  case-­‐specific	  database	  of	  samples,	  
on	  an	  exclusionary	  basis	  (13)	  (14).	  
It	  is	  therefore	  important	  to	  conduct	  research	  into	  the	  ways	  in	  which	  the	  properties	  and	  
characteristic	  features	  of	  evidential	  samples	  may	  have	  been	  altered	  from	  the	  source	  material	  
during	  the	  various	  stages	  of	  the	  forensic	  process,	  for	  instance	  the	  ways	  in	  which	  material	  may	  
have	  been	  lost	  through	  transfers	  to	  other	  surfaces,	  or	  degraded	  over	  exposure	  to	  
environmental	  or	  storage	  conditions	  prior	  to	  analysis.	  	  Due	  to	  the	  number	  of	  factors	  that	  may	  
influence	  the	  properties	  of	  an	  item	  of	  evidence	  after	  division	  from	  its	  source,	  there	  is	  a	  need	  
for	  experimental	  studies	  that	  replicate	  forensic	  reality	  as	  closely	  as	  possible,	  in	  order	  to	  build	  
up	  a	  body	  of	  empirical	  data	  to	  support	  the	  theoretical	  models	  of	  evidence	  dynamics	  required	  
to	  make	  accurate	  comparisons	  (41).	  	  	  	  
The	  extent	  of	  research	  required	  depends	  upon	  whether	  the	  evidence	  is	  to	  be	  interpreted	  at	  
source	  level	  or	  activity	  level,	  and	  the	  specific	  context	  of	  a	  particular	  case	  (63)	  (64)	  (65)	  (14)	  
(13).	  	  Source	  level	  determinations	  aim	  only	  to	  identify	  or	  individualise	  the	  specific	  object	  or	  
class	  of	  material	  from	  which	  the	  evidence	  originates,	  in	  order	  to	  assess	  the	  possibility	  of	  a	  
common	  origin	  with	  other	  items	  of	  evidence	  and	  aid	  the	  reconstruction	  of	  events	  (63)	  (64)	  
(65).	  	  Interpretation	  at	  the	  source	  level	  requires	  research	  into	  the	  uniformity	  of	  the	  content	  of	  
the	  source	  material	  in	  order	  to	  generate	  empirically	  justified	  sampling	  plans	  and	  ensure	  
reference	  samples	  are	  representative	  of	  the	  particular	  source	  material	  in	  order	  to	  establish	  the	  
range	  and	  variability	  of	  shared	  characteristics	  amongst	  all	  samples	  from	  the	  same	  source	  and	  
permit	  the	  correct	  exclusion	  of	  samples	  from	  different	  locations.	  	  In	  addition,	  the	  impact	  of	  
forensically	  relevant	  packaging	  and	  storage	  conditions	  on	  the	  composition	  of	  the	  source	  
material	  must	  be	  understood	  through	  testing	  to	  verify	  the	  stability	  of	  the	  measured	  properties	  
of	  the	  evidence	  under	  the	  conditions	  typically	  encountered	  in	  casework,	  along	  with	  studies	  to	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identify	  and	  control	  for	  any	  biases	  introduced	  by	  the	  sample	  preparation	  or	  test	  procedure	  
that	  may	  affect	  the	  accuracy	  of	  exclusionary	  analysis,	  since	  samples	  of	  the	  same	  origin	  may	  
appear	  different	  after	  storage	  under	  different	  environmental	  and	  therefore	  be	  falsely	  
excluded.	  	  	  Activity	  level	  evidence	  is	  used	  to	  assess	  the	  likelihood	  of	  a	  particular	  action	  having	  
occurred,	  given	  the	  discovery	  of	  particular	  piece	  of	  evidence,	  for	  example	  to	  infer	  from	  the	  
recovery	  of	  glass	  particulates	  from	  an	  item	  of	  clothing	  whether	  or	  not	  the	  person	  wearing	  the	  
garment	  smashed	  a	  bottle	  at	  the	  crime	  scene	  (63)	  (64)	  (65).	  	  In	  order	  to	  assess	  evidence	  at	  the	  
activity	  level	  in	  this	  forensic	  context,	  in	  addition	  to	  source	  level	  chemical	  testing	  to	  ensure	  the	  
glass	  fragments	  were	  of	  the	  same	  composition	  as	  the	  bottle,	  and	  DNA	  testing	  of	  the	  clothing	  to	  
ascertain	  whether	  the	  suspect	  had	  worn	  the	  garment	  in	  question,	  it	  would	  also	  be	  necessary	  to	  
run	  experimental	  studies	  to	  determine	  whether	  glass	  fragments	  of	  the	  observed	  size	  and	  
shape	  would	  be	  transferred	  in	  the	  observed	  number	  upon	  smashing	  a	  bottle,	  and	  whether	  
those	  particles	  would	  be	  expected	  to	  persist	  in	  the	  observed	  quantity	  on	  the	  specific	  type	  of	  
fabric	  over	  the	  alleged	  interval	  of	  time	  between	  the	  commission	  of	  the	  crime	  and	  the	  
apprehension	  of	  the	  suspect	  for	  the	  specific	  case.	  	  	  
The	  final	  stage	  in	  the	  forensic	  process	  addresses	  the	  issue	  that	  in	  order	  to	  fully	  interpret	  the	  
significance	  of	  the	  recovered	  evidence	  and	  present	  the	  evidence	  accurately	  in	  court,	  it	  is	  also	  
necessary	  to	  investigate	  the	  impact	  of	  any	  other	  case	  circumstances	  presented	  by	  the	  defence	  
or	  prosecution	  counsel.	  	  For	  instance,	  a	  defence	  proposition	  of	  secondary	  transfer	  from	  the	  
perpetrator	  to	  the	  accused,	  or	  the	  significance	  of	  not	  finding	  evidence	  in	  cases	  where	  there	  has	  
been	  a	  delay	  in	  detecting	  the	  crime	  and	  recovering	  evidence	  or	  where	  the	  prosecution	  
proposes	  that	  the	  suspect	  has	  attempted	  to	  conceal	  the	  crime,	  for	  instance	  through	  washing	  
clothes	  to	  remove	  evidence.	  	  The	  suitability	  of	  forensic	  evidence	  for	  presentation	  in	  court	  is	  an	  
essential	  consideration	  in	  forensic	  science	  research	  as	  the	  justice	  system	  in	  many	  jurisdictions	  
has	  strict	  standards	  the	  admissibility	  of	  forensic	  testimony	  in	  the	  courtroom.	  	  	  Many	  of	  the	  
recent	  reforms	  to	  the	  way	  forensic	  science	  is	  conducted,	  for	  instance	  the	  Daubert	  
requirements	  in	  some	  states	  in	  the	  US	  (66),	  and	  the	  recommendations	  of	  the	  Law	  
Commission’s	  report	  on	  expert	  evidence	  (67),	  have	  been	  prompted	  by	  the	  concerns	  of	  the	  
judiciary	  over	  the	  reliability	  of	  the	  evidence	  presented	  by	  forensic	  experts	  in	  court,	  particularly	  
the	  requirements	  for	  a	  sound	  set	  of	  empirically	  backed	  scientific	  principles	  to	  justify	  the	  
opinion	  of	  forensic	  experts,	  and	  the	  need	  for	  a	  research	  culture	  within	  the	  forensic	  science	  
community.	  	  Expert	  testimony	  in	  court	  is	  opinion	  based,	  and	  as	  a	  result	  it	  is	  essential	  that	  these	  
opinions	  are	  informed	  by	  empirical	  research	  and	  data	  that	  aids	  the	  reconstruction	  of	  events	  to	  
the	  jury,	  and	  accurately	  reflects	  the	  significance	  of	  each	  piece	  of	  evidence	  in	  the	  specific	  case	  
context.	  	  Forensic	  science	  research	  must	  therefore	  aim	  to	  produce	  evidence	  that	  is	  suitable	  for	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presentation	  in	  court	  by	  ensuring	  there	  is	  a	  demonstrable	  link	  between	  the	  available	  evidence	  
and	  the	  opinion	  of	  the	  expert	  (66)	  (67)	  (68).	  	  In	  order	  to	  do	  so	  it	  must	  be	  shown	  that	  the	  
theories	  used	  by	  forensic	  experts	  presenting	  their	  opinion	  in	  court	  are	  generally	  accepted	  in	  
the	  scientific	  community,	  for	  instance	  through	  experimental	  studies,	  peer	  review	  and	  
discussion	  in	  forensic	  science	  journals,	  and	  that	  all	  the	  techniques	  and	  processes	  used	  to	  
produce	  the	  data	  upon	  which	  the	  opinion	  has	  been	  formed	  have	  been	  validated	  for	  the	  
specific	  purpose	  for	  which	  they	  are	  used	  in	  court,	  in	  line	  with	  the	  relevant	  regulatory	  
requirements	  of	  any	  given	  jurisdiction	  (53)	  (60)	  (66)	  (68)	  (67).	  	  	  
In	  the	  US,	  under	  the	  Daubert	  standard	  (66)	  there	  are	  four	  statutory	  criteria	  which	  must	  be	  
fulfilled	  in	  order	  that	  opinion	  evidence	  is	  presented	  correctly	  in	  court	  by	  forensic	  experts,	  and	  
therefore	  must	  be	  considered	  in	  forensic	  science	  research	  to	  ensure	  that	  the	  resulting	  
evidence	  is	  admissible	  in	  court	  (69):	  	  Firstly,	  that	  the	  expert’s	  scientific,	  technical,	  or	  other	  
specialised	  knowledge	  will	  help	  the	  trier	  of	  fact	  to	  understand	  the	  evidence	  or	  to	  determine	  a	  
fact	  in	  issue;	  secondly,	  that	  the	  testimony	  is	  based	  on	  sufficient	  facts	  or	  data;	  thirdly,	  that	  the	  
testimony	  is	  the	  product	  of	  reliable	  principles	  and	  methods;	  and	  lastly	  the	  expert	  has	  reliably	  
applied	  the	  principles	  and	  methods	  to	  the	  facts	  of	  the	  case.	  	  In	  order	  to	  satisfy	  these	  
requirements,	  it	  is	  therefore	  necessary	  to	  demonstrate	  that	  the	  evidence	  is	  relevant	  to	  the	  
case	  and	  the	  underlying	  theories	  have	  been	  applied	  reliably	  through	  correct	  interpretation	  (53)	  
(60)	  (67)	  (68),	  for	  instance	  source	  level	  evidence	  is	  not	  relevant	  if	  the	  identity	  of	  the	  source	  
object	  or	  person	  is	  not	  disputed	  (64)	  (63)	  (65).	  	  In	  order	  to	  demonstrate	  scientific	  validity	  and	  
justify	  that	  forensic	  evidence	  is	  appropriate	  for	  presentation	  in	  court,	  it	  is	  also	  necessary	  that	  
the	  methods	  and	  theories	  used	  to	  collect	  and	  interpret	  evidence	  are	  the	  product	  of	  the	  
scientific	  method,	  which	  requires	  that	  theories	  are	  falsifiable	  through	  empirical	  testing,	  that	  
the	  significance	  of	  the	  evidence	  generated	  by	  a	  particular	  technique	  can	  be	  assessed	  in	  the	  
context	  of	  a	  known	  error	  rate	  specific	  to	  that	  evidence	  type	  and	  test,	  that	  there	  are	  up-­‐to-­‐date	  
standards	  in	  place	  to	  ensure	  and	  verify	  the	  correct	  use	  of	  the	  particular	  forensic	  test,	  and	  that	  
the	  technique	  is	  generally	  accepted	  within	  the	  scientific	  community	  through	  evidence	  of	  peer	  
review	  and	  publication	  (53)	  (66)	  (60)	  (67)	  (69).	  	  Although	  no	  formal	  standards	  exist	  for	  the	  
admissibility	  of	  forensic	  evidence	  in	  the	  UK	  court	  system,	  there	  have	  been	  calls	  from	  the	  
government,	  practitioners	  and	  the	  Law	  Commission	  to	  develop	  a	  “gate-­‐keeping”	  test	  for	  the	  
validity	  of	  scientific	  expert	  testimony,	  that	  are	  based	  on	  the	  Daubert	  principles	  but	  are	  more	  
specifically	  relevant	  to	  the	  requirements	  of	  UK	  legal	  and	  forensic	  science	  stakeholders,	  such	  as	  
the	  judiciary,	  advocates	  and	  barristers,	  the	  police,	  and	  forensic	  science	  service	  providers	  (53)	  




2.2	  UK	  Forensic	  Science	  Provision	  
In	  the	  UK,	  forensic	  science	  provision	  varies	  between	  the	  three	  legislative	  regions	  (England	  and	  
Wales,	  Scotland,	  and	  Northern	  Ireland)	  and	  the	  degree	  of	  autonomy	  from	  police	  forces	  funding	  
model	  has	  changed	  over	  the	  years	  (54)	  (55)	  (56)	  (68).	  	  In	  Northern	  Ireland	  and	  Scotland,	  
forensic	  science	  is	  provided	  by	  public	  organisations	  affiliated	  with	  the	  national	  police	  forces	  
(72)	  (73).	  	  In	  Scotland,	  forensic	  science	  services	  were	  historically	  provided	  in-­‐house	  at	  four	  
laboratories	  funded	  by	  the	  six	  individual	  police	  forces,	  however	  between	  2007	  and	  2012	  the	  
provision	  of	  forensic	  services	  was	  formally	  separated	  from	  the	  police	  and	  became	  the	  
responsibility	  of	  the	  Scottish	  Police	  Services	  Authority,	  which	  in	  turn	  became	  the	  current	  
Scottish	  Police	  Authority,	  which	  is	  a	  public	  organisation	  funded	  by	  the	  Scottish	  Government,	  
that	  provides	  central	  services	  to	  the	  Police,	  but	  that	  is	  autonomous	  from	  the	  constabulary.	  	  In	  
Northern	  Ireland,	  forensic	  services	  are	  provided	  by	  Forensic	  Science	  Northern	  Ireland,	  which	  is	  
also	  an	  autonomous	  publicly	  funded	  organisation,	  and	  is	  an	  agency	  of	  the	  Northern	  Irish	  
Executive’s	  Department	  for	  Justice.	  
In	  England	  and	  Wales,	  however	  the	  history	  of	  forensic	  science	  provision	  is	  more	  complex	  as	  
the	  organisations	  providing	  forensic	  science	  services,	  and	  their	  funding	  mechanisms,	  have	  
changed	  over	  time	  (71)	  (70)	  (72)	  (73)	  (68)	  (54)	  (55)	  (56).	  	  Since	  1991	  the	  majority	  of	  services	  
were	  provided	  by	  the	  Forensic	  Science	  Service	  (FSS),	  which	  operated	  as	  a	  publicly	  funded	  
agency	  of	  the	  UK	  Government’s	  Home	  Office,	  however	  in	  2005	  the	  FSS	  became	  a	  government	  
owned,	  contractor	  operated	  organisation	  known	  as	  a	  Gov.-­‐Co,	  on	  the	  basis	  of	  the	  
recommendations	  of	  the	  McFarland	  Review	  (74)	  (71)	  (70)	  (72)	  (73)	  (75).	  	  	  Legislative	  changes	  to	  
the	  system	  through	  which	  police	  forces	  purchased	  goods	  and	  services	  were	  introduced	  in	  1996	  
and	  forensic	  services	  were	  put	  out	  to	  competitive	  tender	  in	  an	  effort	  to	  reduce	  costs	  through	  
increased	  competition	  amongst	  forensic	  science	  service	  providers	  (75)	  (75).	  	  This	  led	  to	  
increased	  involvement	  of	  privately	  owned	  organisations	  in	  the	  provision	  of	  forensic	  science	  
services,	  and	  a	  return	  to	  police	  forces	  in-­‐sourcing	  their	  forensic	  services	  and	  by	  2010	  40%	  of	  
forensic	  science	  services	  provided	  in	  England	  and	  Wales	  were	  provided	  by	  organisations	  other	  
than	  the	  FSS.	  	  After	  transitioning	  to	  a	  Gov.-­‐Co,	  it	  has	  been	  argued	  that	  the	  FSS	  management	  
failed	  to	  make	  the	  necessary	  systemic	  changes	  required	  to	  operate	  sustainably	  in	  a	  
competitive	  commercial	  environment,	  and	  in	  December	  2010	  the	  government	  announced	  
their	  intention	  to	  close	  the	  FSS	  due	  to	  reported	  operational	  losses	  of	  £2	  million	  per	  week	  (72)	  
(73).	  	  The	  FSS	  closed	  in	  March	  2012	  and	  since	  then,	  forensic	  science	  provision	  has	  been	  
undertaken	  by	  private	  companies	  and	  in-­‐house	  by	  the	  police	  themselves.	  	  Following	  the	  
closure	  concerns	  were	  voiced	  by	  members	  of	  the	  public,	  scientists	  and	  legal	  professionals	  
prompted	  a	  series	  of	  reviews	  into	  the	  future	  of	  forensic	  science	  in	  the	  UK	  (54)	  (55)	  (56),	  and	  a	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new	  national	  approach	  to	  forensic	  science	  provision	  and	  governance	  was	  announced	  in	  March	  
2016,	  which	  indicated	  that	  certain	  services	  such	  as	  fingerprint	  analysis,	  which	  is	  currently	  
provided	  by	  individual	  police	  forces,	  would	  be	  conducted	  by	  a	  new,	  centralised	  organisation	  
(76).	  
The	  changing	  nature	  of	  forensic	  science	  provision	  in	  the	  UK	  has	  led	  to	  concerns	  over	  the	  future	  
of	  forensic	  science	  research	  in	  the	  UK	  due	  to	  the	  loss	  of	  investment	  in	  R&D	  that	  was	  previously	  
provided	  by	  the	  FSS,	  the	  loss	  of	  certain	  specialised	  forensic	  services	  which	  are	  deemed	  
unprofitable,	  and	  the	  loss	  of	  knowledge	  and	  expertise	  within	  the	  industry	  due	  to	  redundancies	  
of	  the	  scientists	  working	  in	  these	  less	  commonly	  used	  or	  more	  expensive	  specialist	  areas	  (71)	  
(70)	  (72)	  (73).	  	  	  As	  police	  budgets	  have	  been	  cut	  so	  too	  has	  their	  ability	  to	  pay	  for	  forensic	  
services,	  this	  in	  turn	  negatively	  impacts	  on	  the	  profitability	  of	  the	  commercial	  forensic	  science	  
providers	  who	  now	  provide	  the	  majority	  of	  forensic	  services	  in	  England	  and	  Wales,	  resulting	  in	  
a	  lack	  of	  funding	  and	  motivation	  for	  investment	  in	  R&D	  within	  the	  private	  sector	  (71)	  (70)	  (72)	  
(73).	  	  The	  majority	  of	  forensic	  science	  research	  in	  the	  UK	  must	  now	  be	  provided	  by	  the	  
university	  sector,	  however	  as	  none	  of	  the	  primary	  research	  councils	  have	  a	  specific	  remit	  for	  
forensic	  science,	  resources	  are	  also	  limited	  in	  academic	  research	  (55).	  	  Academic	  research	  into	  
forensic	  science	  must	  therefore	  aim	  to	  continue	  to	  undertake	  the	  fundamental	  research	  
traditionally	  provided	  in	  the	  context	  of	  university	  based	  research,	  in	  addition	  to	  the	  
commercially	  orientated	  research	  conducted	  by	  practitioners	  and	  service	  providers	  and	  to	  
meet	  the	  challenges	  of	  bridging	  the	  gap	  between	  primary	  research	  and	  commercialisation	  
through	  casework	  relevant	  validation	  studies	  (71)	  (70)	  (72)	  (73)	  (68)	  (54)	  (55)	  (56).	  	  Since	  
forensic	  science	  provision	  is	  now	  primarily	  a	  business	  in	  the	  UK,	  and	  with	  decision	  making	  on	  
the	  utilisation	  of	  forensic	  science	  services	  being	  dictated	  by	  affordability	  and	  value	  for	  money,	  
in	  order	  that	  new	  research	  can	  make	  an	  impact	  on	  practitioners	  it	  is	  essential	  to	  consider	  not	  
only	  the	  ability	  of	  a	  technique	  to	  provide	  highly	  accurate	  and	  precise	  results	  for	  example	  for	  
the	  identification	  of	  a	  particular	  source	  material,	  but	  also	  the	  cost	  of	  implementing	  the	  
technique	  in	  the	  existing	  landscape	  of	  forensic	  science	  service	  provision.	  	  In	  order	  to	  assess	  the	  
cost	  of	  commercialising	  a	  novel	  technique	  or	  device,	  it	  is	  necessary	  to	  consider	  operational	  
costs	  of	  running	  the	  analysis,	  for	  instance	  the	  reagents	  and	  consumables	  required,	  the	  cost	  of	  
performing	  the	  many	  and	  complex	  experiments	  needed	  to	  validate	  the	  procedure	  for	  use	  in	  a	  
specific	  laboratory,	  the	  cost	  of	  purchasing,	  installing	  and	  maintaining	  any	  equipment	  used,	  and	  
the	  salary	  costs	  of	  the	  scientist	  preparing	  samples	  and	  interpret	  data.	  	  With	  these	  commercial	  
factors	  in	  mind,	  it	  can	  be	  seen	  that	  the	  most	  complex,	  state-­‐of-­‐the-­‐art,	  specialist	  techniques	  
may	  not	  always	  offer	  the	  best	  return	  on	  investment	  for	  UK	  forensic	  science	  providers,	  many	  of	  
whom	  are	  small	  to	  medium	  enterprises	  (SMEs),	  and	  there	  is	  a	  need	  to	  develop	  new,	  efficient,	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potentially	  profitable	  techniques	  that	  capitalise	  on	  existing	  capabilities	  and	  expertise	  (48)	  (54)	  
(55)	  (56)	  (68)	  (71)	  (70)	  (72)	  (73).	  
2.3	  The	  Origin	  and	  Diversity	  of	  Soil	  	  
There	  are	  over	  700	  soil	  types	  in	  the	  National	  Soil	  Map	  of	  England	  and	  Wales	  (77)	  and	  
approximately	  600	  types	  of	  soil	  on	  the	  Scottish	  Soils	  Knowledge	  and	  Information	  Base	  (78),	  
while	  there	  are	  50,000	  types	  of	  soil	  in	  the	  USA,	  and	  each	  soil	  type	  has	  its	  own	  specific	  set	  of	  
genetic	  factors	  (79).	  	  The	  process	  of	  soil	  formation,	  pedogenesis	  (80),	  which	  is	  illustrated	  in	  
figure	  2.3,	  is	  considered	  to	  be	  the	  result	  of	  a	  combination	  of	  the	  five	  “clorpt”	  factors	  acting	  in	  
conjunction:	  	  Climate;	  Organisms;	  Relief;	  Parent	  material;	  Time	  (81),	  all	  of	  which	  vary	  spatially	  
across	  the	  landscape	  and	  also	  over	  time	  (82)	  (83)	  (84).	  The	  original	  parent	  material	  of	  soils	  is	  
often	  the	  underlying	  bedrock	  but,	  due	  to	  transportation	  by	  natural	  forces,	  for	  many	  soils	  the	  
parent	  rock	  may	  be	  located	  a	  significant	  distance	  away	  (17,85).	  	  	  Parent	  rocks	  have	  been	  
broken	  down	  through	  the	  grinding,	  compression,	  expansion	  and	  contraction	  caused	  by	  
extremes	  in	  temperature	  and	  the	  movement	  of	  wind,	  water	  and	  ice	  (20,81).	  	  The	  resulting	  
fragments	  have	  since	  been	  weathered	  further	  through	  aqueous	  chemical	  reactions	  (86).	  	  These	  
processes,	  in	  turn,	  led	  to	  an	  accumulation	  of	  minerals	  above	  the	  parent	  rock,	  which	  exhibit	  
enormous	  diversity	  according	  to	  their	  location	  (17)	  (87)	  (88)	  (89)	  (90).	  	  Soil	  composition	  
develops	  further	  chemical	  complexity	  through	  the	  input	  of	  both	  biogenic	  inorganic	  compounds	  
(91)	  (87),	  and	  the	  organic	  substances,	  such	  as	  sugars,	  lipids	  and	  biopolymers,	  generated	  by	  
plants	  and	  animals	  (92).	  	  	  As	  plants	  and	  microbes	  grow	  they	  alter	  soil	  chemistry	  (20),	  indeed,	  
microbes	  are	  thought	  to	  have	  mediated	  the	  processes	  responsible	  for	  the	  genesis	  of	  many	  
minerals	  (93,94).	  	  Organisms	  affect	  the	  characteristics	  of	  soil	  not	  only	  through	  the	  absorption	  
of	  nutrients	  and	  addition	  of	  excreta	  and	  decomposition	  products	  after	  death	  (20),	  but	  also	  by	  
changing	  its	  structure,	  texture	  and	  homogeneity	  through	  perturbations	  caused	  by,	  for	  











Figure	  2.3	  Diagram	  depicting	  the	  process	  of	  pedogenesis	  (96)
	  
	  
Figure	  2.3	  The	  soil	  forming	  process	  	  
	  
Chemical	  and	  mechanical	  weathering	  
causes	  the	  formation	  of	  small	  mineral	  
particulates	  and	  the	  growth,	  decay	  and	  
metabolism	  of	  living	  organisms	  causes	  a	  
build-­‐up	  of	  complex,	  degraded	  organic	  
molecules	  in	  the	  upper	  horizons	  over	  
geological	  timescales.	  	  Geological	  forces	  
cause	  the	  cycling	  of	  minerals	  into	  different	  
types	  of	  rocks,	  which	  exist	  as	  facies,	  which	  
are	  discrete	  units	  of	  rock	  with	  consistent,	  
homogenous	  characteristics	  (eg.	  appearance,	  mineralogy	  or	  fossil	  content)	  that	  are	  distinct	  
from	  adjacent	  units	  of	  rock,	  and	  the	  variation	  chemical	  composition	  and	  depositional	  
environment	  over	  different	  geographical	  areas	  forms	  the	  basis	  for	  the	  formation	  of	  these	  
facies	  (89)	  (88).	  	  
Geological	  forces	  cause	  the	  cycling	  of	  minerals	  into	  different	  types	  of	  rocks,	  which	  exist	  as	  
facies,	  which	  are	  discrete	  units	  of	  rock	  with	  comparatively	  consistent,	  homogenous	  
characteristics	  (eg.	  appearance,	  mineralogy	  or	  fossil	  content)	  that	  are	  distinct	  from	  adjacent	  
units	  of	  rock,	  and	  the	  variation	  chemical	  composition	  and	  depositional	  environment	  over	  
different	  geographical	  areas	  forms	  the	  basis	  for	  the	  formation	  of	  these	  facies	  (89)	  (88).	  	  
Minerals	  are	  generally	  comprised	  of	  compounds	  containing	  silicon,	  oxygen	  and	  metals	  such	  as	  
aluminium,	  iron	  and	  magnesium,	  which	  can	  be	  reactive	  with	  organic	  compounds	  in	  soil	  (82)	  
(87)	  (83)	  (87).	  	  Since	  mineral	  surfaces	  can	  catalyse	  some	  of	  the	  reactions	  affecting	  organic	  
compounds,	  one	  type	  of	  mineral	  may	  interact	  with	  humic	  materials	  to	  produce	  a	  different	  
range	  of	  organic	  compounds	  than	  the	  next	  type	  of	  mineral	  (87)	  (82)	  (83)	  (84),	  therefore	  it	  is	  
possible	  that	  the	  underlying	  geology	  of	  a	  site	  may	  influence	  the	  organic	  chemistry	  of	  a	  site	  and	  
changes	  in	  underlying	  geology	  may	  have	  an	  effect	  on	  the	  nature	  and	  on	  the	  diversity	  of	  organic	  
chemicals	  in	  soil	  within	  sites	  of	  forensic	  interest.	  	  Similarly,	  climactic	  factors,	  such	  as	  
temperature,	  ambient	  light,	  and	  moisture,	  as	  well	  as	  biological	  activity	  at	  a	  specific	  location	  
vary	  seasonally	  throughout	  the	  year	  (87)	  (84)	  (83)	  (82),	  and	  since	  all	  of	  these	  affect	  the	  inputs,	  
reaction	  rate	  and	  type	  of	  chemical	  and	  biochemical	  reactions	  occurring	  in	  the	  soil	  at	  a	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particular	  location,	  the	  variability	  of	  the	  organic	  profile	  of	  soil	  may	  be	  seasonally	  changeable.	  	  
As	  soil	  horizons	  develop	  over	  time,	  with	  more	  input	  and	  cycling	  of	  materials,	  the	  composition	  
of	  the	  soil	  may	  develop	  greater	  complexity	  over	  time,	  older	  soils	  may	  contain	  a	  different	  range	  
of	  chemicals	  than	  younger	  soils	  with	  the	  same	  underlying	  geology,	  climate	  and	  organisms.	  	  All	  
of	  these	  factors	  combined	  give	  the	  potential	  for	  the	  physical,	  chemical	  and	  biological	  features	  
of	  earth	  materials	  to	  vary,	  as	  distinct,	  discrete	  facies,	  across	  the	  surface	  of	  the	  earth,	  and	  
vertically	  within	  soil	  horizons	  and	  geological	  strata	  (90)	  (89)	  (88).	  
2.4	  Traditional	  Analytical	  Techniques	  for	  Forensic	  Geoscience	  
In	  light	  of	  the	  variability	  in	  types	  of	  earth	  materials,	  and	  the	  important	  role	  they	  play	  in	  
industries	  such	  as	  mining	  and	  engineering,	  a	  plethora	  of	  analytical	  techniques	  have	  been	  
designed	  to	  analyse	  and	  compare	  environmental	  materials.	  	  Since	  soil	  is	  a	  highly	  transferable	  
and	  persistent	  material	  that	  is	  present	  almost	  ubiquitously	  on	  land	  (92)	  (97)	  (98),	  particularly	  in	  
the	  secluded	  areas	  often	  encountered	  in	  the	  investigation	  of	  serious	  crimes,	  it	  is	  a	  potentially	  a	  
highly	  informative	  form	  of	  trace	  forensic	  evidence.	  	  As	  a	  result,	  many	  of	  the	  geological	  
techniques	  developed	  for	  use	  in	  academia	  and	  industry	  have	  been	  applied	  to	  forensic	  
investigations.	  	  Despite	  this,	  there	  is	  a	  lack	  of	  consensus	  in	  the	  published	  literature	  concerning	  
how	  to	  best	  classify	  soils	  and	  as	  a	  result	  there	  are	  a	  number	  of	  standards,	  protocols,	  methods	  
and	  databases	  in	  use	  (91,17,92).	  	  	  
Of	  the	  4000	  recognised	  types	  of	  mineral,	  most	  UK	  soil	  samples	  contain	  six	  to	  ten	  major	  
minerals,	  in	  addition	  to	  distinctive,	  rare	  minerals	  and,	  since	  the	  major	  components	  of	  most	  
soils	  are	  minerals,	  mineralogical	  analyses	  are	  crucial	  to	  the	  classification	  of	  samples	  (92).	  	  
Visual	  examination	  of	  particle	  morphology	  is	  also	  highly	  informative	  and	  some	  authors	  
maintain	  that	  the	  microscope	  remains	  the	  most	  powerful	  tool	  for	  forensic	  geoscience	  
applications	  (99,7).	  	  Many	  methods	  of	  characterisation	  focus	  on	  the	  bulk	  physical	  or	  chemical	  
properties	  of	  soil	  samples,	  which	  are	  summarised	  in	  Table	  2.1,	  however,	  the	  use	  of	  these	  bulk	  
techniques	  can,	  be	  problematic	  when	  dealing	  with	  trace	  quantities	  of	  forensic	  samples	  since	  
the	  sample	  preparation	  techniques	  may	  be	  destructive,	  require	  homogenisation	  of	  the	  sample,	  







Table	  2.1:	  	  Analyses	  Typically	  Used	  in	  Forensic	  Geoscience	  
Analysis	  
Type	  
Application	   Technique	   References	  
Physical	  
Properties	  












	   Moisture	  Content	   Gravimetric	   (17)	  








	   Particle	  Morphology	   SEM	   (14,15)	  
	   Radio	  dating	   	   (17)	  
Chemical	  
Properties	  
pH	   	   (91,17)	  
	   Conductivity	   	   (91,17)	  
	   Redox	  Potential	   	   (91,17)	  
	   Ion	  Chromatography	   	   (91,18,106,107)	  
	   Gas	  Chromatography	   	   (92)	  (108)	  (108)	  (109)	  (110)	  
(92)	  (92)	  (111)	  (112)	  
	   High	  Performance	  
liquid	  




	   Isotope	  Ratio	  Mass	  
Spectrometry	  
	   (91,113)	  





















	   Isotope	  Ratio	  Mass	  
Spectrometry	  






	   (121)	  (122)	  
(106)	  (123)	  (124)	  
(125)	  
2.5	  Geo-­‐forensic	  Applications	  
Due	  to	  the	  variability	  of	  soil	  characteristics	  over	  different	  spatial	  scales	  and	  its	  transferability,	  
soil	  has	  a	  long	  history	  of	  informing	  legal	  investigations	  (4,12,16,7).	  	  In	  general,	  geo-­‐forensics	  
can	  be	  applied	  in	  two	  distinct	  scenarios	  (4,16,18):	  	  Firstly,	  the	  relatively	  rare,	  so-­‐called	  “seek-­‐
and-­‐find”	  (13)	  investigations,	  where	  assessment	  of	  the	  provenance	  of	  a	  piece	  of	  geo-­‐forensic	  
evidence	  is	  required;	  secondly,	  the	  more	  commonly	  encountered	  “compare	  and	  exclude”	  (13)	  
problems,	  where	  it	  is	  necessary	  to	  ascertain	  whether	  a	  person	  or	  object	  can	  be	  excluded	  from	  
having	  made	  contact	  with	  a	  particular	  location.	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The	  earliest	  documented	  geo-­‐forensic	  case	  was	  a	  seek-­‐and-­‐find	  case,	  which	  involved	  a	  barrel	  
of	  silver	  whose	  contents	  were	  found	  to	  have	  been	  substituted	  for	  sand	  during	  transportation.	  	  
Since	  the	  route	  the	  barrel	  had	  travelled	  was	  known,	  the	  potential	  location	  of	  the	  substitution	  
could	  be	  identified	  by	  comparison	  of	  the	  local	  sand	  with	  the	  questioned	  sample	  (4).	  	  Similar	  
substitution	  cases	  have	  been	  reported	  more	  recently	  (17,8).	  	  This	  approach	  has	  also	  been	  used	  
to	  refine	  the	  search	  for	  body	  deposition	  sites	  in	  no-­‐body	  murder	  cases	  (5,4).	  	  In	  such	  cases	  it	  is	  
necessary	  to	  have	  access	  to	  expert	  knowledge	  of	  the	  geology	  and	  land	  use	  of	  the	  relevant	  
search	  areas	  and,	  even	  when	  such	  resources	  are	  available,	  the	  investigation	  may	  still	  be	  
unsuccessful	  (6).	  	  	  
The	  second	  type	  of	  problem	  that	  geo-­‐forensic	  evidence	  can	  be	  used	  to	  help	  solve,	  relies	  on	  
Locard’s	  exchange	  principle,	  that	  every	  contact	  leaves	  a	  trace	  (3,126,22,127,128).	  	  In	  these	  
compare-­‐and-­‐exclude	  cases,	  relatively	  small	  quantities	  of	  soil	  of	  unknown	  provenance,	  which	  
are	  typically	  obtained	  from	  a	  suspect	  or	  forensically	  relevant	  object	  such	  as	  clothing,	  shoes	  or	  a	  
vehicle,	  are	  compared	  with	  samples	  known	  to	  be	  associated	  with	  a	  crime	  (such	  as	  the	  crime	  
scene).	  	  During	  the	  commission	  of	  a	  crime,	  contact	  will	  be	  made	  between	  perpetrator,	  crime	  
scene	  and/or	  victim	  and	  the	  transfer	  of	  material	  can	  take	  place.	  Thus,	  trace	  materials	  can	  offer	  
evidence	  of	  a	  contact	  being	  made	  between	  a	  suspect	  and	  a	  crime,	  in	  an	  exclusionary	  
comparison	  and	  evaluation.	  	  This	  makes	  soil	  a	  particularly	  valuable	  form	  of	  trace	  evidence,	  
since	  its	  complex	  composition	  gives	  rise	  to	  distinctive	  combinations	  of	  features	  that	  offer	  
significant	  variability	  across	  geographical	  locations	  and	  regions.	  	  This	  exclusionary	  approach	  
can	  be	  used	  to	  corroborate	  witness	  testimony	  (2)	  or	  scrutinise	  an	  alibi	  (17,4,129).	  	  
Furthermore,	  with	  the	  correct	  interpretation	  of	  mixed	  samples,	  pre-­‐	  syn-­‐	  and	  post-­‐	  forensic	  
event	  activities	  can	  be	  inferred	  in	  order	  to	  reconstruct	  crimes	  (130,106,107,44,131).	  	  The	  geo-­‐
forensic	  community	  has	  yet	  to	  fully	  accept	  and	  address	  the	  implications	  of	  mixed	  source	  
samples	  in	  the	  way	  evidence	  is	  analysed	  and	  interpreted,	  indeed	  the	  correct	  strategy	  remains	  
the	  subject	  of	  fierce	  debate	  (132,130,15,133,116,117).	  
2.6	  Philosophical	  Considerations	  
Since	  locations	  with	  poor	  supervision	  have	  been	  identified	  as	  offering	  the	  opportunities	  for	  
criminal	  activities	  (134)	  and	  soil,	  in	  turn,	  tends	  to	  be	  found	  in	  more	  secluded	  areas	  in	  the	  UK,	  it	  
follows	  that	  soil	  is	  likely	  to	  be	  transferred	  in	  a	  variety	  of	  crime	  scenarios.	  	  The	  clearest	  example	  
is	  where	  a	  body	  or	  exhibit	  is	  buried	  or	  deposited,	  indeed	  many	  of	  the	  case	  studies	  presented	  in	  
the	  geo-­‐forensic	  literature	  involve	  these	  types	  of	  crime	  events	  (4,17,91,8,5,6,135,136,9,11).	  	  
Given	  the	  severity	  of	  these	  crimes,	  and	  the	  consequences	  of	  misinterpretation	  of	  the	  evidence,	  
it	  is	  essential	  that	  reliable	  methods	  of	  comparing	  “natural”	  samples	  of	  a	  single,	  known	  origin	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with	  “anthropogenic”	  questioned	  samples	  of	  unknown	  and	  possibly	  mixed	  provenance	  are	  
used	  throughout	  the	  sampling,	  analysis,	  interpretation	  and	  presentation	  of	  geo-­‐forensic	  
evidence	  (137,107,12,13,14,135,15).	  
The	  various	  geological	  analyses	  described	  in	  the	  literature	  are	  undoubtedly	  well	  suited	  to	  the	  
analysis	  of	  earth	  materials,	  and	  may	  be	  used	  to	  complement	  one	  another	  to	  describe	  such	  
samples	  in	  great	  detail.	  	  Unfortunately,	  the	  description	  of	  a	  geo-­‐forensic	  sample,	  however	  
detailed,	  cannot	  always	  answer	  all	  the	  questions	  needed	  to	  effectively	  seek-­‐and-­‐find	  a	  location	  
or	  compare-­‐and-­‐exclude	  two	  samples	  as	  having	  the	  same	  source	  (12,14,106).	  	  Colour	  and	  pH,	  
for	  instance,	  are	  aggregate	  values	  that	  are	  potentially	  dependent	  on	  several	  components	  of	  a	  
sample.	  	  Since	  samples	  must	  be	  homogenised	  for	  these	  procedures,	  the	  individual	  contribution	  
by	  each	  component	  is	  obscured,	  and	  the	  potential	  for	  false	  positive	  or	  false	  negative	  
interpretation	  of	  the	  data	  is	  high	  in	  cases	  involving	  mixed	  samples	  (15,106,20,13,135).	  	  A	  
similar	  difficulty	  arises	  when	  conclusions	  are	  based	  on	  the	  relative	  proportions	  of	  different	  
sample	  components,	  for	  instance	  elemental	  analysis	  (15)	  or	  particle	  size	  analysis	  (106).	  
A	  number	  of	  other	  problematic	  uses	  of	  traditional	  earth	  science	  analytical	  techniques	  arise	  in	  
the	  published	  geo-­‐forensic	  literature,	  indicating	  a	  lack	  of	  consideration	  of	  the	  forensic	  nature	  
of	  samples.	  	  There	  is	  no	  philosophically	  valid	  mechanism	  for	  obtaining	  random	  match	  
probabilities	  for	  soil	  analyses,	  therefore	  it	  is	  potentially	  misleading	  to	  suggest	  that	  the	  
characteristics	  of	  a	  questioned	  sample	  “match”	  those	  of	  any	  other	  sample	  (106,14,13,15).	  	  
Instead,	  it	  is	  preferable	  to	  perform	  additional	  analyses,	  of	  independent	  properties,	  to	  reduce	  
the	  risk	  of	  a	  coincidental	  association	  between	  samples	  (137,14).	  	  Despite	  this,	  mineralogy,	  
colour	  or	  elemental	  analyses,	  are	  often	  presented	  as	  corroborative	  evidence	  when	  these	  
qualities	  are	  inextricably	  interdependent	  (17,138).	  	  In	  addition,	  many	  geo-­‐forensic	  studies	  have	  
concentrated	  in	  the	  past	  on	  comparing	  samples	  from	  sites	  which	  may	  be	  several	  miles	  apart,	  
however,	  in	  forensic	  contexts,	  the	  proximity	  of	  a	  crime	  scene	  and	  alibi	  site	  may	  be	  
considerably	  closer	  (107).	  Furthermore,	  considering	  that	  some	  forensic	  samples	  consist	  of	  as	  
little	  as	  a	  few	  grains	  of	  material	  (92),	  the	  applicability	  of	  some	  traditional	  techniques,	  which	  
require	  gram	  (g)	  quantities	  of	  sample,	  to	  casework	  is	  limited	  (107,106,15,13,139).	  
The	  specific	  context	  of	  a	  particular	  crime	  is	  of	  great	  importance	  to	  the	  correct	  interpretation	  of	  
the	  results	  of	  geo-­‐forensic	  evidence	  and	  is	  therefore	  essential	  to	  the	  accurate	  presentation	  of	  
forensic	  evidence	  in	  court	  (16).	  	  In	  order	  for	  geo-­‐forensic	  evidence	  to	  be	  of	  value	  in	  court,	  it	  
must	  be	  able	  to	  assess	  the	  relative	  likelihood	  of	  the	  evidence	  given	  the	  competing	  hypotheses	  
presented	  by	  the	  defence	  and	  prosecution.	  	  These	  may	  involve	  complex	  explanations	  for	  the	  
presence	  or	  absence	  of	  trace	  evidence,	  for	  instance	  secondary	  (or	  higher	  level)	  transfers	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coupled	  with	  cleaning	  procedures	  or	  decay	  over	  time	  (16,44,131).	  	  To	  ensure	  correct	  
consideration	  of	  the	  myriad	  of	  possible	  opportunities	  for	  the	  transfer	  or	  loss	  of	  trace	  evidence,	  
even	  in	  seemingly	  simple	  cases,	  it	  is	  necessary	  to	  perform	  experiments	  which	  have	  high	  
degrees	  of	  ecological	  validity.	  	  While	  there	  have	  been	  many	  studies	  at	  the	  primary	  level,	  which	  
build	  up	  a	  body	  of	  knowledge	  regarding	  initial	  division	  and	  transfer	  of	  particulates	  
(140,141,142),	  further	  investigations	  which	  faithfully	  reflect	  the	  alleged	  case	  circumstances	  are	  
required	  to	  ensure	  the	  validity	  of	  the	  assumptions	  made	  during	  evidence	  interpretation	  
(16,131,44).	  	  
2.7	  Organic	  Analysis	  
The	  organic	  fraction	  of	  soils	  is	  mostly	  biologically	  derived,	  but	  may	  also	  contain	  anthropogenic	  
components,	  such	  as	  agrochemicals	  and	  pharmaceuticals	  (81,31).	  	  Organic	  chemists,	  like	  earth	  
scientists,	  have	  many	  tools	  with	  which	  to	  investigate	  the	  composition,	  structure	  and	  reactivity	  
of	  these	  substances,	  some	  of	  which	  are	  also	  used	  in	  earth	  science	  (91,92,143).	  	  	  
Organic	  chemistry	  offers	  a	  number	  of	  advantages	  in	  forensic	  analyses.	  	  Due	  to	  the	  sheer	  
number	  of	  organic	  compounds,	  organic	  analysis	  has	  the	  potential	  to	  be	  highly	  discriminatory	  
and	  is	  an	  excellent	  candidate	  for	  using	  an	  exclusionary	  approach	  in	  comparing	  samples.	  	  Mixed	  
samples	  and	  complex	  sample	  matrices,	  which	  are	  typical	  of	  forensic	  cases,	  are	  commonly	  
encountered	  in	  organic	  chemistry,	  therefore	  there	  is	  existing	  expertise	  in	  the	  separation	  and	  
purification	  of	  mixed	  samples.	  	  Furthermore,	  since	  the	  organic	  chemistry	  is	  not	  directly	  linked	  
to	  the	  underlying	  geology	  of	  a	  particular	  soil,	  the	  results	  of	  organic	  analyses	  can	  be	  used	  to	  
corroborate	  those	  of	  geological	  analyses	  (18).	  	  In	  addition,	  the	  physical	  properties	  of	  organic	  
compounds	  are	  generally	  different	  from	  those	  of	  minerals,	  for	  instance	  organic	  compounds	  
typically	  have	  lower	  melting	  points	  and	  increased	  solubility.	  	  This	  means	  that	  the	  transfer	  and	  
persistence	  of	  organic	  compounds	  may	  be	  such	  that	  they	  can	  be	  detected	  in	  cases	  where	  the	  
inorganic	  fraction	  of	  soils	  cannot	  (22).	  	  	  Despite	  this,	  there	  have	  been	  comparatively	  few	  
documented	  attempts	  to	  utilise	  the	  variability	  in	  the	  organic	  fraction	  of	  soils	  for	  forensic	  
purposes,	  with	  the	  notable	  exception	  of	  GC	  and	  GC-­‐MS	  based	  techniques	  for	  the	  
determination	  of	  wax	  markers	  (108)	  (109)	  (110)	  (92)	  (92)	  (111)	  (112),	  which	  has	  been	  used	  
successfully	  in	  many	  court	  cases	  and	  is	  capable	  of	  analysing	  very	  small	  traces	  of	  soil	  but	  is	  a	  
somewhat	  complex	  and	  time	  consuming	  analytical	  procedure.	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2.8	  HPLC	  Analysis	  
HPLC	  is	  an	  analytical	  technique	  specifically	  designed	  to	  separate	  mixtures	  of	  organic	  
compounds	  on	  the	  basis	  of	  their	  polarity,	  which	  is	  a	  function	  of	  their	  molecular	  structure	  
(144,145,146).	  	  The	  different	  types	  of	  chemical	  bonds,	  and	  the	  range	  and	  type	  of	  the	  functional	  
groups	  present	  in	  an	  organic	  molecule	  effect	  the	  spatial	  distribution	  of	  the	  electron	  density	  
within	  the	  molecule,	  and	  those	  molecules	  in	  which	  there	  is	  a	  relative	  concentration	  of	  negative	  
and	  positive	  electrical	  charge	  at	  different	  positions	  in	  the	  molecule	  are	  referred	  to	  as	  being	  
polar,	  while	  molecules	  in	  which	  the	  negative	  and	  positive	  regions	  of	  the	  molecule	  are	  evenly	  
distributed	  are	  referred	  to	  as	  being	  non-­‐polar	  (147).	  	  	  Due	  to	  intramolecular	  forces	  such	  as	  
hydrogen	  bonding,	  polar	  molecules	  are	  attracted	  to	  other	  polar	  substances	  while	  non-­‐polar	  
compounds	  interact	  most	  strongly	  with	  other	  non-­‐polar	  species,	  non-­‐polar	  species	  are	  
hydrophobic	  and	  very	  non-­‐polar	  substances	  such	  as	  aliphatic	  hydrocarbons,	  for	  instance	  
hexane,	  are	  completely	  immiscible	  with	  very	  polar	  substances	  such	  as	  water	  (148).	  
In	  HPLC	  analysis,	  samples	  are	  analysed	  in	  the	  liquid	  phase,	  either	  solid	  samples	  dissolved	  in	  or	  
liquid	  samples	  mixed	  with	  a	  compatible	  solvent	  and	  are	  typically	  extracted	  by	  shaking	  or	  
sonicating	  in	  a	  solvent,	  followed	  by	  the	  removal	  of	  any	  insoluble	  matter	  by	  filtration	  or	  
centrifugation	  (144).	  	  The	  liquid	  sample	  is	  then	  injected	  onto	  a	  column	  that	  is	  densely	  packed	  
with	  fine,	  silica-­‐based	  particles,	  known	  as	  the	  stationary	  phase,	  and	  is	  pumped	  through	  the	  
column	  at	  high	  pressure	  with	  a	  solvent,	  known	  as	  the	  mobile	  phase	  (144,146,145).	  	  	  Mobile	  
phases	  may	  be	  pure	  solvents	  or	  mixtures	  of	  solvents	  of	  different	  polarity,	  and	  the	  composition	  
of	  the	  mobile	  phase	  may	  be	  altered	  during	  the	  analysis	  by	  adding	  more	  of	  a	  particular	  solvent	  
or	  solvents	  in	  order	  to	  fine	  tune	  the	  polarity	  or	  pH	  of	  the	  mobile	  phase	  as	  desired,	  in	  addition	  a	  
variety	  of	  stationary	  phases	  are	  available	  with	  multiple	  different	  types	  of	  functional	  groups	  
bonded	  to	  the	  silica	  particles,	  and	  each	  of	  these	  types	  of	  stationary	  phase	  has	  a	  different	  
polarity.	  	  The	  identity	  of	  a	  molecule	  is	  dictated	  by	  its	  structure	  and	  composition,	  which	  in	  turn	  
affects	  its	  polarity,	  (147)	  therefore	  since	  each	  compound	  interacts	  slightly	  differently	  with	  both	  
the	  stationary	  and	  mobile	  phases,	  each	  component	  of	  the	  mixture	  is	  driven	  through	  the	  HPLC	  
system	  at	  a	  different	  rate	  (144,145),	  causing	  those	  compounds	  of	  different	  polarity	  to	  elute	  
from	  the	  column	  after	  a	  different	  length	  of	  time	  and	  different	  compounds,	  even	  
stereoisomers,	  can	  be	  separated	  on	  the	  basis	  of	  their	  polarity	  by	  HPLC.	  	  As	  the	  separated	  
compounds	  elute	  from	  the	  column,	  they	  pass	  through	  a	  detector	  as	  a	  series	  of	  individual	  
peaks,	  and	  the	  time	  each	  constituent	  spends	  on	  the	  column,	  known	  as	  the	  retention	  time,	  is	  
highly	  discriminatory	  (144,146,145),	  and	  can	  be	  used	  to	  identify	  compounds	  through	  the	  
comparison	  of	  the	  retention	  time	  obtained	  with	  that	  of	  a	  reference	  standard	  analysed	  under	  
the	  same	  chromatographic	  conditions.	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When	  designing	  an	  HPLC	  method	  for	  a	  specific	  compound,	  it	  is	  necessary	  to	  trial	  different	  
types	  of	  stationary	  phase	  and	  mobile	  phase	  to	  tailor	  the	  polarity	  to	  suit	  the	  specific	  target	  
molecule,	  in	  order	  to	  ensure	  that	  there	  is	  sufficient	  selectivity	  to	  the	  method,	  that	  interaction	  
between	  the	  stationary	  phase	  and	  the	  analyte	  to	  retain	  the	  compound	  of	  interest	  on	  the	  
column,	  while	  also	  ensuring	  that	  the	  polarity	  of	  the	  mobile	  phase	  allows	  the	  compound	  to	  be	  
eluted	  from	  the	  column	  at	  a	  different	  time	  from	  other	  related	  substances	  known	  or	  suspected	  
to	  be	  present	  in	  the	  sample	  (149)	  (150)	  (151)	  (149).	  	  It	  is	  also	  necessary	  to	  verify	  the	  specificity	  
of	  the	  method,	  that	  any	  peak	  detected	  using	  a	  particular	  combination	  of	  mobile	  phase	  and	  
stationary	  phase	  chemistries	  relates	  only	  to	  the	  compound	  of	  interest	  and	  not	  to	  any	  other	  co-­‐
eluting	  related	  substances	  or	  unknown	  substances	  causing	  interferences	  (150)	  (151)	  (149).	  	  If	  
selectivity	  and	  specificity	  cannot	  be	  achieved	  by	  altering	  the	  mobile	  phase	  composition	  or	  
column	  chemistry,	  it	  is	  also	  possible	  to	  adjust	  the	  flow	  rate	  of	  the	  mobile	  phase	  to	  alter	  the	  
speed	  at	  which	  the	  compounds	  elute,	  and	  therefore	  calibrate	  the	  degree	  of	  separation	  
between	  compounds	  (149)	  (150)	  (151).	  	  	  
There	  are	  a	  number	  of	  different	  types	  of	  detector	  available	  for	  use	  with	  HPLC,	  for	  those	  which	  
monitor	  the	  UV	  absorbance	  of	  the	  solution	  eluting	  from	  the	  column	  at	  a	  set	  wavelength,	  or	  a	  
number	  of	  different	  wavelengths	  simultaneously,	  or	  those	  which	  record	  the	  UV	  and	  visible	  
spectra	  of	  the	  solution	  (149)	  (150)	  (151).	  	  There	  are	  also	  fluorescence	  based	  detectors,	  and	  
those	  which	  monitor	  the	  refractive	  index	  of	  the	  solution,	  which	  changes	  as	  dissolved	  
compounds	  elute	  from	  the	  column.	  	  In	  addition,	  the	  HPLC	  may	  be	  connected	  to	  an	  
electrospray	  or	  atmospheric	  pressure	  chemical	  ionisation	  mass	  spectrometer	  in	  order	  to	  
record	  the	  mass	  spectrum	  of	  the	  peaks	  as	  they	  exit	  the	  HPLC	  system.	  	  In	  cases	  where	  specificity	  
cannot	  be	  achieved	  chromatographically,	  the	  choice	  of	  detector	  settings	  can	  help	  to	  resolve	  
co-­‐eluting	  peaks	  of	  interest	  since	  it	  may	  be	  possible	  to	  set	  the	  detector	  to	  record	  
chromatograms	  at	  the	  wavelength	  or	  mass-­‐to-­‐charge	  ratio	  relating	  specifically	  to	  the	  
compound	  of	  interest,	  and	  not	  coeluting	  compounds	  (149)	  (150)	  (151).	  	  	  Detectors	  which	  
measure	  the	  UV	  or	  mass	  spectra	  of	  the	  peaks	  also	  offer	  a	  secondary	  level	  of	  identification,	  as	  
these	  spectra	  are	  complex	  and	  highly	  discriminatory,	  and	  the	  type	  of	  detector	  selected	  for	  use	  
during	  method	  development	  is	  dependent	  on	  the	  properties	  of	  the	  molecule,	  for	  instance	  only	  
certain	  types	  of	  molecule	  will	  fluoresce	  or	  absorb	  in	  the	  UV-­‐Visible	  range,	  while	  some	  
compounds	  may	  be	  difficult	  to	  ionise	  and	  therefore	  unsuitable	  for	  MS	  detection,	  and	  it	  is	  
therefore	  important	  to	  consider	  the	  optimum	  detection	  method	  during	  project	  planning	  and	  
method	  development	  (144,146,145,149,150,151).	  	  Adaptation	  of	  the	  detector	  settings	  can	  also	  
improve	  sensitivity,	  which	  is	  the	  ability	  of	  the	  method	  to	  detect	  small	  amounts	  of	  the	  target	  
analyte,	  since,	  for	  UV	  detection,	  the	  concentration	  of	  a	  substance	  is	  related	  to	  the	  absorbance	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measured	  through	  its	  extinction	  coefficient,	  which	  varies	  at	  different	  wavelengths,	  therefore	  
setting	  the	  detector	  to	  the	  wavelength	  at	  which	  the	  target	  analyte	  absorbs	  most	  strongly	  
allows	  the	  analyte	  to	  be	  detected	  at	  lower	  concentrations	  and	  for	  smaller	  changes	  in	  
concentration	  to	  be	  detected,	  thereby	  improving	  the	  precision	  of	  the	  method,	  however	  the	  
effect	  of	  changing	  the	  wavelength	  must	  be	  tested	  for	  each	  compound	  under	  each	  set	  of	  
chromatographic	  conditions	  as	  any	  increase	  in	  signal	  strength	  may	  counteracted	  by	  an	  
increase	  in	  background	  noise,	  which	  increases	  the	  lower	  limit	  of	  detection	  (145)	  (149)	  (150)	  
(151).	  	  	  Since	  the	  detector	  response	  is	  related	  to	  the	  concentration	  of	  the	  sample	  passing	  
through	  the	  detector,	  it	  may	  also	  be	  possible	  to	  improve	  sensitivity	  by	  increasing	  the	  volume	  of	  
sample	  injected	  onto	  the	  column,	  however	  this	  may	  be	  detrimental	  to	  the	  shape	  of	  the	  peak,	  
which	  in	  turn	  may	  lead	  to	  inaccurate	  quantification	  or	  identification,	  therefore	  the	  optimum	  
injection	  volume	  must	  also	  be	  established	  experimentally	  during	  method	  development	  for	  
each	  new	  compound	  or	  new	  set	  of	  HPLC	  parameters	  (149)	  (150)	  (151).	  	  In	  addition,	  the	  linear	  
range	  of	  the	  method	  varies	  depending	  on	  the	  analyte	  and	  the	  type	  of	  detector	  used,	  and	  it	  is	  
therefore	  essential	  to	  verify	  the	  linearity	  of	  the	  relationship	  between	  sample	  concentration	  
and	  detector	  response	  in	  order	  to	  accurately	  quantify	  the	  compound	  of	  interest	  (152)	  (151)	  
(150).	  	  	  	  	  
Determination	  of	  the	  sensitivity,	  selectivity,	  linearity	  of	  response	  and	  the	  minimum	  limits	  of	  
detection	  and	  quantification	  are	  essential	  steps	  during	  method	  development,	  as	  these	  factors	  
are	  required	  to	  validate	  the	  ability	  of	  the	  method	  to	  reliably	  identify	  and	  quantify	  the	  target	  
analyte	  (61)	  (58)	  (60).	  	  In	  addition	  to	  developing	  and	  validating	  the	  HPLC	  parameters	  such	  as	  
flow	  rate	  and	  detector	  settings,	  it	  is	  also	  necessary	  to	  verify	  the	  effect	  of	  human	  and	  
systematic	  factors	  related	  to	  the	  preparation	  of	  the	  samples,	  for	  instance	  the	  relative	  
uncertainty	  in	  the	  weight	  of	  sample	  used,	  and	  the	  number	  of	  dilution	  steps,	  as	  these	  directly	  
effect	  the	  accuracy	  and	  precision	  of	  the	  technique	  since	  systematic	  errors	  and	  uncertainty	  can	  
accumulate.	  	  It	  is	  also	  useful	  to	  consider	  the	  optimum	  sample	  extraction	  methods	  in	  order	  to	  
ensure	  that	  all	  of	  the	  compound	  of	  interest	  can	  be	  extracted	  from	  typical	  sample	  matrices	  and	  
to	  determine	  whether	  any	  of	  the	  other	  components	  typically	  present	  in	  the	  sample,	  for	  
instance	  water,	  cutting	  agents	  or	  natural	  compounds	  such	  as	  proteins	  in	  biological	  samples,	  
interfere	  with	  the	  peak	  of	  interest	  in	  the	  chromatogram,	  or	  inhibit	  full	  extraction	  of	  the	  target	  
analyte	  (60)	  (152)	  (61).	  	  As	  discussed	  in	  section	  	  2.1.3,	  it	  is	  advisable	  to	  incorporate	  
experiments	  to	  establish	  these	  quality	  indicators	  at	  an	  early	  stage	  in	  method	  development,	  
and	  all	  of	  the	  operational	  factors	  relating	  to	  sample	  handling	  and	  preparation	  are	  also	  required	  
to	  validate	  the	  ability	  of	  newly	  developed	  HPLC	  methods	  to	  generate	  reliable	  results	  for	  that	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specific	  analyte	  and	  sample	  type,	  in	  the	  context	  of	  a	  particular	  laboratory	  or	  organisation,	  in	  
accordance	  with	  ILAC	  guidelines	  (61).	  
HPLC	  is	  already	  widely	  used	  in	  forensic	  science,	  particularly	  for	  the	  analysis	  of	  drugs	  of	  abuse	  
(27)	  (153)	  (154)	  (155)	  (156)	  (157),	  where	  the	  identity	  of	  the	  questioned	  substance,	  for	  instance	  
a	  bag	  of	  unidentified	  tablets,	  can	  be	  ascertained	  by	  comparing	  the	  retention	  time	  of	  the	  
primary	  compound	  in	  the	  suspected	  	  sample	  	  against	  the	  retention	  times	  obtained	  for	  pure,	  
certified	  reference	  standards	  of	  known	  drugs	  of	  abuse	  or	  any	  control	  samples	  of	  and	  legitimate	  
compounds	  offered	  as	  a	  defence	  proposition,	  for	  instance	  prescription	  or	  over	  the	  counter	  
drugs.	  	  The	  presence	  and	  relative	  amounts	  of	  impurities	  synthesised	  during	  the	  manufacture,	  
or	  formed	  during	  the	  degradation	  of	  illegal	  drugs	  in	  the	  HPLC	  chromatograms	  of	  suspected	  
illegal	  drug	  samples	  can	  be	  used	  to	  exclude	  different	  batches	  of	  seized	  narcotics	  for	  evidential	  
or	  intelligence	  purposes	  in	  order	  to	  investigate	  or	  disrupt	  organised	  crime	  (158)	  (159).	  	  Offence	  
level	  propositions	  pertaining	  to	  the	  consumption	  of	  illegal	  drugs,	  as	  opposed	  to	  simply	  the	  
possession	  of	  illegal	  drugs,	  can	  also	  be	  examined	  by	  testing	  samples	  extracted	  from	  bodily	  
fluids	  such	  as	  blood	  and	  urine	  and	  comparing	  the	  chromatograms	  obtained	  with	  those	  
obtained	  for	  certified	  reference	  standards	  illegal	  drugs	  and	  their	  metabolites	  (160)	  (28)	  (161).	  	  
HPLC	  can	  also	  be	  used	  for	  toxicological	  purposes	  (162)	  (29)	  (163),	  for	  instance	  to	  test	  for	  
poisons	  in	  the	  case	  of	  an	  unexplained	  death,	  through	  comparison	  of	  the	  chromatography	  
obtained	  from	  the	  bodily	  fluids	  or	  tissues	  of	  the	  victim,	  against	  reference	  chromatograms	  for	  
commonly	  encountered	  poisons,	  or	  compounds	  suspected	  to	  be	  relevant	  to	  the	  case,	  such	  as	  
prescription	  medication.	  	  Some	  dyes	  and	  inks	  are	  organic	  compounds,	  or	  mixtures	  of	  different	  
organic	  compounds	  and	  manufacturers	  use	  not	  only	  different	  types	  of	  compounds,	  but	  
different	  formulations	  to	  produce	  the	  same	  colour,	  and	  therefore	  the	  retention	  times	  of	  the	  
constituents	  of	  dyes	  and	  inks,	  and	  the	  relative	  size	  of	  each	  peak,	  may	  vary	  between	  
manufacturer,	  brand	  or	  product	  type	  and	  HPLC	  can	  be	  used	  to	  discriminate	  between	  known	  
and	  unknown	  sources	  for	  the	  	  comparison	  of	  questioned	  documents	  or	  coloured	  fibres	  (164)	  
(165).	  	  In	  addition,	  HPLC	  can	  be	  used	  to	  identify	  and	  quantify	  explosives	  and	  post-­‐blast	  
residues	  in	  order	  to	  provide	  intelligence	  in	  terrorism	  cases,	  for	  instance	  by	  discovering	  
evidence	  of	  potential	  links	  between	  terrorist	  incidents	  through	  comparison	  of	  the	  distinctive	  
features	  of	  the	  chromatographic	  profiles	  recovered	  at	  different	  scenes	  (24)	  (166)	  (167).	  	  The	  
widespread	  use	  of	  HPLC	  in	  commercial	  forensic	  laboratories,	  and	  indeed	  healthcare,	  
manufacturing	  and	  means	  there	  is	  existing	  capacity	  and	  capability	  to	  perform	  HPLC	  analyses	  
routinely	  in-­‐house,	  therefore	  new	  HPLC	  methods	  can	  be	  implemented	  without	  any	  
requirement	  for	  significant	  capital	  expenditure,	  the	  procurement	  of	  specialist	  consultant	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services,	  or	  investment	  in	  training	  or	  human	  resources	  from	  those	  forensic	  science	  
stakeholders	  for	  whom	  best-­‐value	  is	  a	  key	  priority.	  
Standard	  sample	  preparation	  techniques	  for	  HPLC	  are	  analogous	  to	  the	  cleaning	  stages	  used	  in	  
some	  of	  the	  more	  traditional	  analyses	  used	  in	  forensic	  geoscience	  (8),	  creating	  the	  potential	  
for	  corroborative,	  independent	  analyses	  to	  be	  performed	  on	  the	  same	  sample,	  which	  is	  ideal	  in	  
forensic	  work	  where	  sample	  amounts	  are	  often	  limited.	  	  Despite	  this,	  the	  potential	  of	  HPLC	  to	  
analyse	  geo-­‐forensic	  samples	  has	  only	  been	  explored	  to	  a	  limited	  extent	  in	  the	  published	  
literature.	  	  Reuland	  and	  Trinler	  (94)	  reported	  the	  successful	  discrimination	  of	  samples	  obtained	  
from	  locations	  “within	  a	  ten	  mile	  radius	  of	  [Terre	  Haute]	  city	  limits	  in	  Vigo	  County”	  (Reuland	  
and	  Trinler,	  1981:	  p204)	  (31),	  while	  similar	  results	  were	  obtained	  with	  samples	  obtained	  from	  
locations	  “within	  the	  city	  limits	  of	  Alpena,	  MI,	  a	  city	  of	  radius	  12km”	  (Siegel	  and	  Precord,	  1985:	  
p513)	  (30).	  partial	  success	  was	  reported	  in	  distinguishing	  rural,	  urban	  and	  semi-­‐rural	  sites	  
“within	  a	  10-­‐mile	  radius	  of	  Lansing,	  MI”(Bommarito	  et.	  al.	  2007:	  	  p24)	  (18)	  and	  noted	  great	  
diversity	  amongst	  urban	  locations.	  	  	  
While	  these	  results	  are	  promising,	  the	  studies	  suffer	  from	  several	  limitations.	  	  Each	  study	  
compared	  samples	  taken	  from	  areas	  of	  different	  land	  use,	  for	  instance	  golf	  courses,	  garden	  
lawns	  and	  wasteland,	  which	  were	  obtained	  across	  large	  areas	  (18,31,30).	  	  This	  experimental	  
design	  does	  not	  explore	  the	  smaller	  scale	  spatial	  variability	  of	  the	  composition	  of	  soils,	  which	  
limits	  the	  potential	  application	  of	  the	  technique	  to	  those	  cases	  where	  sites	  of	  interest	  are	  
situated	  at	  locations	  separated	  by	  great	  distances,	  which	  are	  likely	  to	  have	  differences	  in	  the	  
underlying	  geology	  and	  can	  therefore	  be	  discriminated	  by	  existing	  methods,	  yet	  does	  not	  assist	  
in	  the	  many	  forensic	  scenarios	  where	  it	  is	  necessary	  to	  discriminate	  soils	  within	  the	  same	  site,	  
or	  a	  small	  locality,	  which	  are	  less	  likely	  to	  be	  able	  to	  be	  discriminated	  using	  existing	  techniques.	  	  
The	  previous	  studies	  required	  time	  consuming	  and	  complex	  sample	  preparation,	  which	  
increases	  the	  cost	  of	  the	  analysis	  and	  introduces	  potential	  sources	  of	  bias,	  however	  as	  
discussed	  in	  there	  is	  limited	  demand	  for	  costly,	  labour	  intensive	  procedures	  in	  the	  current	  
landscape	  of	  commercial	  forensic	  service	  provision	  in	  England	  and	  Wales	  due	  to	  the	  prohibitive	  
cost	  of	  performing	  such	  procedures	  and	  since	  the	  process	  of	  method	  validation	  is	  more	  
challenging,	  due	  to	  the	  increased	  difficulty	  in	  controlling	  quality	  risks	  makes,	  for	  complex	  
procedures.	  	  In	  addition,	  minimum	  preparation	  and	  analysis	  times	  ranged	  from	  approximately	  
150	  minutes	  (min)	  to	  overnight	  (18)	  (30)	  (31)	  (32),	  and	  each	  method	  detailed	  seven	  to	  ten	  
sample	  preparation	  steps,	  which	  not	  only	  risks	  delaying	  the	  investigation	  but	  is	  also	  
detrimental	  to	  the	  efficiency	  of	  the	  method	  and	  productivity	  of	  the	  laboratory	  and	  further	  
limits	  the	  suitability	  of	  applying	  the	  technique	  in	  profit	  driven	  laboratories.	  	  Furthermore	  the	  
minimum	  sample	  amount	  detailed	  was	  1g	  (31),	  which	  may	  not	  always	  be	  available	  in	  forensic	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cases,	  and	  prevents	  the	  use	  of	  the	  technique	  in	  cases	  where	  only	  trace	  amounts	  of	  soil	  are	  
available	  for	  comparison.	  
2.9	  Aims	  of	  the	  Current	  Study	  
Soil	  is	  present	  at	  a	  range	  of	  potential	  crime	  scenes	  and	  the	  composition	  of	  soil	  is	  highly	  variable	  
according	  to	  changes	  in	  geographical	  features	  such	  as	  climate,	  underlying	  geology,	  and	  local	  
plant	  and	  animal	  activity,	  which	  allows	  soil	  evidence	  from	  different	  locations	  to	  be	  
discriminated	  in	  order	  to	  ascertain	  provenance	  through	  the	  use	  of	  soil	  databases,	  or	  
comparative	  analyses	  of	  soils	  from	  known	  and	  questioned	  sources.	  	  	  In	  addition,	  due	  to	  the	  
particulate	  structure	  of	  soil,	  traces	  can	  easily	  be	  divided	  from	  their	  source	  material	  and	  
transferred	  to	  other	  surfaces,	  and	  the	  measurable	  properties	  of	  soil	  that	  facilitate	  accurate	  
sample	  comparisons	  have	  been	  demonstrated	  to	  be	  highly	  persistent	  in	  various,	  forensically	  
relevant	  scenarios.	  	  Soil	  is	  therefore	  valuable	  for	  forensic	  reconstruction,	  and	  although	  there	  
have	  been	  a	  number	  of	  studies	  investigating	  the	  potential	  for	  using	  the	  variability	  in	  the	  
inorganic	  chemical	  composition	  of	  soils	  at	  different	  locations	  to	  discriminate	  samples	  of	  
forensic	  interest,	  there	  have	  been	  relatively	  few	  attempts	  in	  the	  published	  literature	  to	  
establish	  independent	  techniques	  for	  forensic	  soil	  analysis,	  for	  instance	  through	  development	  
of	  methods	  to	  analyse	  the	  organic	  chemical	  composition	  of	  the	  soils.	  	  	  There	  have	  been	  some	  
studies	  utilising	  variations	  in	  the	  profiles	  of	  wax	  marker	  compounds	  at	  different	  locations	  
detected	  by	  GC	  and	  GC-­‐MS,	  and	  untargeted	  HPLC	  profiling,	  however	  these	  studies	  have	  lacked	  
forensic	  relevance	  and	  ecological	  validity	  through	  the	  use	  of	  unrealistically	  large	  sample	  
quantities,	  impractical	  or	  prohibitively	  expensive	  analytical	  procedures,	  and	  the	  spatial	  
resolution	  afforded	  by	  the	  research	  design.	  	  	  
In	  order	  to	  develop	  the	  previous	  work	  and	  address	  the	  gaps	  in	  the	  forensic	  geoscience	  
literature	  identified	  and	  discussed	  above,	  this	  research	  aims	  to:	  
Develop	  an	  HPLC	  method	  for	  the	  discrimination	  of	  close	  proximity,	  trace	  soil	  and	  sediment	  
samples	  for	  forensic	  use.	  	  	  
In	  the	  interests	  of	  achieving	  this	  primary	  aim,	  a	  number	  of	  objectives	  will	  be	  addressed	  in	  order	  
to:	  
1.	  	  Determine	  whether	  it	  is	  possible	  to	  discriminate	  soil	  samples	  obtained	  from	  different	  
locations	  within	  the	  same	  site;	  
2.	  	  Reduce	  the	  quantity	  of	  soil	  required	  to	  prepare	  the	  HPLC	  sample;	  
52	  
	  
3.	  Simplify	  the	  sample	  preparation	  procedure;	  
4.	  	  Reduce	  the	  time	  required	  to	  complete	  each	  analysis;	  
5.	  Apply	  the	  technique	  to	  samples	  from	  locations	  representing	  a	  range	  of	  underlying	  geologies;	  
6.	  	  Monitor	  temporal	  variations	  in	  soil	  chromatography;	  
7.	  	  Compare	  the	  discriminatory	  power	  of	  the	  method	  with	  existing	  geoforensic	  techniques
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3	  Method	  Development	  
3.1	  	  Introduction	  
Organic	  molecules	  can	  be	  highly	  sensitive	  to	  certain	  environmental	  conditions,	  and	  can	  
decompose	  or	  degrade	  when	  exposed	  to	  factors	  such	  as	  moisture,	  heat,	  light	  or	  other	  
chemicals.	  	  As	  such,	  the	  conditions	  under	  which	  soil	  is	  stored	  and	  prepared	  has	  the	  potential	  to	  
affect	  its	  organic	  profile.	  	  In	  order	  for	  any	  new	  analytical	  method	  to	  be	  considered	  a	  useful	  
addition	  to	  existing	  techniques,	  careful	  consideration	  of	  each	  step	  in	  the	  sample	  preparation	  
and	  analysis	  process	  must	  be	  assessed	  to	  ensure	  the	  selection	  of	  the	  optimum	  methodological	  
parameters	  that	  yield	  the	  best	  separation	  of	  chromatographic	  peaks,	  in	  the	  shortest	  possible	  
time,	  and	  that	  the	  handling	  of	  the	  sample	  prior	  to	  analysis	  does	  not	  influence	  the	  analytical	  
results.	  	  In	  order	  to	  verify	  that	  the	  analytical	  method	  does	  not	  introduce	  artefacts	  that	  could	  
influence	  the	  outcome	  of	  the	  comparison,	  the	  effects	  of	  each	  step	  in	  the	  laboratory	  procedure	  
on	  the	  profiles	  obtained	  was	  monitored.	  	  Furthermore,	  in	  order	  that	  the	  method	  can	  be	  
satisfactorily	  commercialised,	  the	  cost	  of	  consumables,	  reagents,	  equipment	  and	  analyst	  time.	  	  
This	  chapter	  documents	  the	  preliminary	  experimental	  work	  to	  develop	  an	  improved,	  less	  
expensive	  and	  more	  user	  friendly	  methodology	  than	  in	  previous	  studies.	  	  Many	  of	  the	  studies	  
in	  this	  chapter	  have	  also	  been	  presented	  by,	  McCulloch	  et.	  al.	  (33)	  
3.2	  Sampling	  
Samples	  were	  initially	  collected	  from	  Brockwell	  Park	  in	  South	  London,	  and	  an	  overview	  of	  the	  
sample	  site	  is	  shown	  in	  figure	  3.1.	  	  This	  location	  was	  chosen	  since	  it	  represents	  both	  potential	  
alibi	  sites	  and	  potential	  crime	  scenes.	  	  It	  is	  well	  used	  by	  the	  public	  for	  a	  number	  of	  different	  
sport	  and	  recreational	  activities,	  which	  provides	  a	  number	  of	  ways	  in	  which	  a	  person	  could	  
legitimately	  come	  into	  contact	  with	  earth	  materials,	  but	  also	  contains	  several	  areas	  which	  
could	  provide	  opportunities	  for	  crimes	  to	  be	  committed,	  for	  instance	  secluded	  spaces	  and	  








Figure	  3.1:	  	  Aerial	  View	  of	  Sampling	  Site	  used	  for	  Method	  Development	  
Experiments	  
	  
Figure	  3.1	  shows	  the	  approximate	  location	  of	  the	  sample	  site	  within	  the	  UK	  (in	  red)	  and	  an	  
aerial	  view	  of	  Brockwell	  Park,	  and	  the	  approximate	  positions	  of	  the	  individual	  sampling	  
locations	  and	  inter-­‐location	  distances	  
Within	  this	  site,	  a	  purposive	  sampling	  approach	  was	  followed;	  four	  locations	  were	  chosen,	  









Location	  1	  was	  grassland	  located	  to	  the	  North	  of	  the	  park	  (Figure	  3.2),	  	  
Figure	  3.	  2:	  	  Overview	  of	  Location	  1	  
	  	  
Figure	  3.	  2:	  	  Photographs	  showing	  
(clockwise	  from	  top	  left)	  an	  aerial	  view	  of	  
location	  1,	  the	  variation	  in	  surface	  
vegetation	  at	  location	  1,	  and	  a	  close	  up	  of	  
the	  individual	  sample	  collection	  points
Location	  2	  was	  wetland	  located	  to	  the	  West	  of	  the	  park	  (Figure	  3.3).	  
Figure	  3.3:	  Overview	  of	  Location	  2	  
	  
	  Figure	  3.	  3:	  	  Photographs	  showing	  
(clockwise	  from	  top	  left)	  an	  aerial	  view	  of	  
location	  2,	  a	  close	  up	  of	  the	  individual	  
sample	  collection	  points,	  and	  the	  variation	  




Location	  3	  was	  a	  wooded	  area	  located	  to	  the	  South	  of	  the	  park	  (Figure	  3.4)	  
Figure	  3.4:	  Overview	  of	  Location	  3	  
	  
	  Figure	  3.4:	  Photographs	  showing	  
(clockwise	  from	  top	  left)	  an	  aerial	  view	  of	  
location	  3,	  the	  variation	  in	  surface	  
vegetation	  at	  location	  3,	  and	  a	  close	  up	  of	  
the	  individual	  sample	  collection	  points.
	  
Location	  4	  was	  a	  wild	  meadow	  located	  to	  the	  South	  West	  of	  the	  park	  (Figure	  3.5).	  	  	  
Figure	  3.5:	  Overview	  of	  Location	  4	  
	  	  
Figure	  3.5:	  Photographs	  showing	  
(clockwise	  from	  top	  left)	  an	  aerial	  view	  of	  
location	  4,	  the	  variation	  in	  surface	  
vegetation	  at	  location	  4,	  and	  a	  close	  up	  of	  
the	  individual	  sample	  collection	  points.	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Samples	  were	  deliberately	  sought	  from	  the	  organic	  rich	  O-­‐Horizon	  from	  areas	  of	  exposed	  soil,	  
which	  were	  deemed	  to	  be	  more	  easily	  transferable	  and	  therefore	  more	  forensically	  relevant	  
than	  deeper	  horizons	  or	  soil	  covered	  by	  dense	  vegetation.	  	  As	  shown	  in	  figures	  3.2-­‐3.5,	  five	  
samples	  were	  collected	  from	  each	  location	  in	  order	  to	  assess	  intra-­‐location	  variability,	  using	  
the	  grid	  suggested	  for	  sampling	  footprints	  and	  tyre	  tracks	  by	  Pye	  (91).	  	  Approximately	  15g	  was	  
removed	  from	  the	  central	  point	  (A)	  and	  from	  points	  located	  above,	  to	  the	  right,	  below,	  and	  to	  
the	  left	  of	  the	  central	  point	  (B,C,D	  and	  E,	  respectively).	  	  The	  distance	  from	  the	  centre	  of	  point	  A	  
to	  the	  outermost	  edge	  of	  each	  other	  point	  was	  50	  cm,	  each	  sample	  point	  was	  less	  than	  3	  cm	  
deep	  and	  less	  than	  5	  cm	  in	  diameter.	  	  In	  accordance	  with	  Simmonds	  (168),	  samples	  were	  
gathered	  using	  a	  stainless	  steel	  spatula,	  taking	  care	  to	  remove	  any	  turf	  or	  gravel,	  where	  
present.	  
Samples	  were	  stored	  in	  individual,	  uniquely	  labelled,	  sealable	  LDPE	  bags.	  	  In	  order	  to	  prevent	  
cross	  contamination	  each	  sample	  bag	  was	  sealed	  with	  adhesive	  tape	  and	  placed	  in	  a	  secondary	  
bag,	  which	  was	  also	  sealed.	  	  Sampling	  utensils	  were	  rinsed	  with	  methanol	  and	  distilled	  water	  
then	  dried	  with	  tissue	  between	  samples.	  	  A	  representative	  sample	  from	  each	  location	  was	  
taken	  for	  method	  development,	  then	  each	  sample	  was	  assigned	  an	  anonymous	  identification	  
number	  by	  a	  second	  analyst	  in	  order	  to	  minimise	  cognitive	  bias	  of	  the	  primary	  analyst	  during	  
sample	  preparation	  and	  data	  analysis,	  the	  log	  cross	  referencing	  identification	  numbers	  and	  
their	  sample	  position	  was	  kept	  confidential	  throughout	  sample	  preparation	  and	  initial	  data	  
analysis.	  	  Since	  organic	  compounds	  can	  be	  thermally	  labile	  and	  soil	  temperature	  is	  known	  to	  
influence	  biological	  activity	  (4)	  (169),	  samples	  were	  stored	  at	  -­‐20°C	  in	  order	  to	  prevent	  changes	  
to	  the	  organic	  composition	  of	  the	  samples	  caused	  by	  micro-­‐organisms	  or	  thermal	  degradation	  
3.3	  Summary	  of	  Method	  Development	  Experiments	  
3.3.1	  HPLC	  Parameters	  	  
Each	  part	  of	  the	  HPLC	  instrument	  has	  the	  potential	  to	  affect	  the	  chromatography	  obtained,	  
therefore	  careful	  consideration	  must	  be	  given	  to	  the	  instrument	  settings	  used.	  	  Column	  
chemistry	  and	  mobile	  phase	  choice	  are	  critical	  to	  ensuring	  that	  the	  sample	  remains	  on	  the	  
column	  long	  enough	  to	  become	  separated	  by	  the	  differential	  actions	  of	  the	  mobile	  and	  
stationary	  phases,	  and	  can	  be	  fine-­‐tuned	  to	  improve	  the	  shape	  and	  resolution	  of	  peaks.	  	  Other	  
factors	  can	  also	  have	  a	  significant	  impact	  on	  the	  observed	  chromatography,	  and	  even	  changing	  
to	  another	  instrument	  or	  column	  of	  the	  same	  make	  and	  model	  can	  cause	  unexpected	  changes	  
to	  the	  profiles	  recorded,	  therefore	  it	  is	  important	  to	  assess	  the	  effect	  of	  even	  seemingly	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insignificant	  changes	  to	  the	  analytical	  method	  prior	  to	  running	  samples,	  especially	  in	  the	  
absence	  of	  reference	  standards,	  where	  like-­‐with-­‐like	  comparisons	  are	  required.	  
Development	  of	  sample	  preparation	  and	  HPLC	  parameters	  occurred	  concurrently	  therefore	  
different	  HPLC	  Parameters	  were	  used	  for	  some	  experiments,	  as	  described	  in	  Table	  3.1.	  	  All	  
comparisons	  were	  like-­‐with-­‐like,	  however,	  and	  made	  between	  samples	  that	  were	  analysed	  
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.1.1	  Replication	  of	  Bommarito	  et.	  al.	  (17)	  
In	  a	  chromatographic	  separation,	  it	  is	  desirable	  to	  achieve	  the	  best	  resolution	  of	  peaks	  in	  the	  
shortest	  time	  possible.	  	  Of	  the	  previous	  studies	  reported	  in	  the	  literature,	  Bommarito	  et.	  al.	  
(18)	  presented	  the	  best	  chromatography,	  with	  better	  resolution	  of	  peaks	  and	  higher	  signal	  to	  
noise	  ratios	  than	  the	  previous	  studies,	  enabling	  unambiguous	  assignment	  of	  distinctive	  peaks,	  
however	  the	  instrument	  parameters	  necessitated	  an	  unusually	  long	  run	  time,	  which	  is	  highly	  
detrimental	  to	  the	  practicability	  of	  the	  method.	  	  Initial	  chromatographic	  conditions	  were	  
therefore	  based	  on	  this	  paper	  with	  the	  aim	  of	  optimising	  the	  conditions	  to	  reduce	  the	  analysis	  
time.	  	  This	  work	  is	  also	  discussed	  in	  McCulloch	  et.	  al.	  (33)	  
Method	  
In	  order	  to	  verify	  the	  results	  of	  Bommarito	  et.	  al.	  (18),	  the	  original	  instrument	  parameters	  were	  
adhered	  to	  as	  faithfully	  as	  was	  practicable,	  however	  it	  was	  necessary	  to	  use	  an	  alternative	  type	  
of	  HPLC	  and	  column	  manufacturer,	  as	  the	  original	  column	  was	  an	  older	  model	  that	  was	  not	  
available	  for	  general	  purpose	  in	  the	  UK,	  and	  therefore	  was	  not	  considered	  a	  practical	  option	  
for	  routine	  analysis	  in	  the	  UK.	  	  The	  system	  was	  a	  Shimadzu	  VP	  series,	  which	  was	  comprised	  of	  
an	  SIL-­‐10AD	  autosampler	  with	  cooling	  tray,	  a	  FCV-­‐10AL	  solvent	  mixing	  system,	  a	  DGU-­‐14A	  
vacuum	  degasser,	  a	  SCL-­‐10A	  control	  unit,	  a	  SPD-­‐M10A	  diode	  array	  detector	  (DAD)	  and	  a	  CTO-­‐
10AS	  column	  oven.	  	  The	  column	  used	  was	  a	  Whatman	  Partasil	  10	  ODS	  analytical	  column	  (10um	  
particle	  size,	  C18	  packing	  material,	  column	  dimensions	  250	  x	  4.6mm).	  	  In	  addition,	  since	  they	  
are	  not	  detailed	  in	  the	  original	  paper,	  standard	  values	  were	  used	  for	  the	  DAD	  and	  column	  
temperature	  settings.	  	  	  
HPLC	  samples	  were	  prepared	  from	  points	  1A,	  2A,	  3A,	  and	  4A,	  approximately	  1g	  was	  weighed	  
into	  a	  centrifuge	  tube	  and	  1ml	  acetonitrile	  was	  added	  by	  pipette.	  	  The	  samples	  were	  then	  
mixed	  and	  sonicated	  for	  20	  min	  at	  ambient	  temperature	  then	  centrifuged	  at	  10,000	  rpm	  for	  10	  
min.	  	  The	  supernatant	  sample	  solution	  was	  transferred	  to	  an	  HPLC	  vial	  for	  analysis	  and	  
analysed	  HPLC	  Method	  S1	  (see	  Table	  3.1).	  
Results	  and	  Discussion	  
The	  chromatography	  obtained	  by	  Bommarito	  et.	  al.	  (18)	  could	  not	  be	  replicated	  for	  this	  study	  
(figure	  3.6),	  (see	  also	  McCulloch	  et.	  al.	  (33)).	  	  The	  results	  obtained	  in	  this	  study	  exhibited	  many	  
more	  peaks,	  each	  of	  which	  exhibited	  poor	  retention	  and	  resolution	  with	  respect	  to	  Bommarito	  
et.al.	  (18)	  and	  all	  peaks	  eluted	  much	  earlier	  in	  the	  chromatograms	  than	  for	  the	  Bommarito	  et.	  
al.	  (17)	  study.	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As	  presented	  by	  McCulloch	  et.	  al.	  (33)	  it	  was	  not	  possible	  to	  replicate	  the	  chromatography	  
obtained	  in	  the	  Bommarito	  et.	  al.	  (18)	  study,	  which	  presented	  chromatograms	  containing	  as	  
few	  as	  six	  well	  resolved	  peaks	  eluting	  over	  the	  entire	  100min	  run	  and	  which,	  in	  turn,	  allowed	  
easy	  visual	  comparison	  of	  results.	  	  In	  contrast,	  all	  of	  the	  samples	  taken	  from	  Brockwell	  Park	  
exhibited	  poor	  chromatography	  with	  between	  20	  and	  25	  peaks.	  	  All	  peaks	  eluted	  within	  
20mins,	  and	  the	  vast	  majority	  of	  peaks	  in	  this	  study	  were	  not	  baseline	  resolved	  (Figure	  3.6).	  	  	  
Figure	  3.6:	  	  Chromatography	  generated	  by	  replication	  of	  Bommarito	  et.	  al.	  (18)	  
instrument	  parameters	  for	  each	  sample	  location	  
	  
Poor	  resolution	  is	  problematic	  in	  two	  ways;	  not	  only	  is	  there	  potential	  for	  the	  presence	  of	  
multiple	  components	  with	  similar	  retention	  times	  to	  be	  masked,	  but	  it	  is	  also	  difficult	  to	  
accurately	  identify	  peaks	  with	  similar	  retention	  times,	  due	  to	  the	  precision	  limits	  of	  the	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instrument.	  	  It	  was,	  therefore,	  necessary	  to	  redevelop	  the	  method	  with	  the	  additional	  aim	  of	  
improving	  peak	  resolution.	  	  The	  poor	  resolution	  obtained	  in	  this	  study	  is	  likely	  to	  be	  the	  result	  
of	  the	  use	  of	  a	  slightly	  different	  column	  from	  the	  original	  study,	  the	  columns	  were	  of	  the	  same	  
dimensions	  and	  contained	  C18	  irregular	  shaped	  silica	  stationary	  phase	  in	  both	  experiments,	  
however	  Bommarito	  et.	  al.	  (18)	  used	  a	  5um	  particle	  size,	  which	  typically	  results	  in	  improved	  
peak	  resolution,	  and	  a	  different	  column	  manufacturer,	  which	  can	  also	  affect	  performance.	  	  
Different	  types	  of	  columns	  were	  therefore	  tested	  in	  future	  experiments	  (section	  3.3.1.2)	  
3.3.1.2	  Column	  
The	  choice	  of	  column	  is	  one	  of	  the	  most	  important	  steps	  in	  HPLC	  method	  development,	  since	  
sample	  components	  must	  have	  some	  affinity	  to	  the	  stationary	  phase	  in	  order	  to	  be	  retained	  
and	  separated	  from	  one	  another.	  	  The	  ligands	  attached	  to	  the	  silica	  particles	  are	  the	  most	  
important	  factor	  dictating	  sample	  retention,	  with	  longer	  aliphatic	  chains	  having	  a	  higher	  
affinity	  for,	  and	  therefore	  stronger	  retention	  of	  less	  polar	  sample	  components.	  	  The	  quality	  and	  
size	  of	  silica	  used	  in	  column	  manufacturing,	  and	  the	  chemistry	  used	  to	  bind	  the	  ligands	  to	  the	  
silica	  also	  has	  a	  significant	  effect	  on	  the	  peak	  shape	  obtained,	  and	  therefore	  the	  efficiency	  of	  
the	  separation.	  	  Smaller	  particle	  sizes	  maximise	  the	  stationary	  phase	  surface	  area,	  allowing	  
enhanced	  interaction	  between	  the	  sample	  and	  stationary	  phase,	  thereby	  improving	  the	  
separation	  possible	  in	  comparison	  with	  columns	  of	  the	  same	  length.	  	  Smaller	  particles	  
therefore	  allow	  shorter	  columns	  to	  be	  used,	  which	  means	  peaks	  elute	  more	  quickly,	  reducing	  
the	  run	  time,	  and	  since	  peak	  broadening	  due	  to	  partitioning	  between	  the	  mobile	  and	  
stationary	  phases	  is	  directly	  proportional	  to	  the	  time	  spent	  on	  the	  column,	  peak	  shape	  and	  
resolution	  is	  also	  improved	  by	  reducing	  particle	  size.	  
Method	  	  
There	  are	  a	  great	  many	  different	  HPLC	  columns	  available	  commercially,	  however,	  it	  is	  not	  
practical	  in	  any	  method	  development	  project	  to	  trial	  even	  a	  fraction	  of	  the	  columns	  on	  offer,	  
due	  to	  their	  cost.	  	  Initial	  analyses	  were	  performed	  using	  a	  Whatman	  Partasil	  C18	  column,	  with	  
10µm	  particle	  size,	  which	  was	  250mm	  long	  and	  had	  an	  internal	  diameter	  of	  4.6mm,	  on	  HPLC	  
samples	  prepared	  from	  well	  mixed	  soil,	  prepared	  as	  per	  section	  3.3.1.1	  using	  method	  S8.	  	  
Upon	  transferring	  the	  project	  to	  a	  new	  laboratory,	  this	  chromatography	  was	  compared	  with	  
that	  obtained	  for	  a	  Zorbax	  Eclipse	  XDB	  C18	  column	  and	  an	  Apex	  II	  ODS	  C18	  column,	  which	  
were	  both	  150mm	  long	  with	  a	  4.6mm	  internal	  diameter	  and	  5µm	  particle	  size	  for	  samples,	  
using	  methods	  A1	  and	  A2,	  respectively	  (table	  3.1).	  	  	  
More	  modern	  columns	  were	  subsequently	  tested,	  with	  3.	  5µm	  particle	  size	  and	  a	  range	  of	  
stationary	  phases	  and	  the	  chromatography	  achieved	  was	  compared	  with	  previous	  results.	  	  The	  
70	  
	  
columns	  used	  were	  Waters	  Symmetry	  C18	  (3.	  5µm,	  150	  x	  4.6mm),	  Waters	  X-­‐Bridge	  Phenyl	  (3.	  
5µm,	  100	  x	  4.6mm),	  Waters	  X-­‐Bridge	  C18	  (100	  x	  4.6mm),	  Waters	  X-­‐Bridge	  C8(100	  x	  4.6mm),	  
Fortis	  H2O	  (5	  µm,	  150	  X	  4.6mm)	  using	  methods	  A5-­‐7,	  A16	  and	  A17,	  respectively	  (table	  3.1).	  
Results	  and	  Discussion	  
Figure	  3.7	  shows	  that	  most	  of	  the	  peaks	  elute	  towards	  the	  end	  of	  the	  run	  using	  these	  longer	  
C18	  based	  columns	  and	  very	  few	  peaks	  elute	  in	  the	  first	  10	  minutes,	  suggesting	  that	  use	  of	  a	  
shorter	  column	  would	  be	  advisable	  to	  reduce	  run	  times	  and	  improve	  productivity,	  however	  the	  
best	  separation	  was	  obtained	  for	  the	  Apex	  II	  ODS	  column.	  	  	  
Figure	  3.7:	  	  Chromatograms	  obtained	  for	  Whatman	  Partasil	  (top),	  Apex	  II	  ODS	  






Figure	  3.8	  shows	  that	  the	  retention	  times	  were	  shortest	  for	  the	  Xbridge	  C8	  column	  (shown	  in	  
green),	  however	  the	  peak	  shape	  was	  unsatisfactory	  and	  resolution	  of	  peaks	  was	  poor.	  	  Both	  of	  
the	  columns	  with	  C18	  Column	  chemistry,	  the	  Fortis	  H2O	  (shown	  in	  blue)	  and	  the	  Waters	  
Symmetry	  C18	  (shown	  in	  red)	  retained	  the	  sample	  components	  on	  the	  column	  effectively	  and	  
produced	  chromatograms	  with	  good	  peak	  shape,	  however	  the	  retention	  times	  were	  still	  longer	  
than	  required,	  due	  to	  the	  use	  of	  the	  150mm	  column.	  	  	  
Figure	  3.8:	  	  Chromatograms	  obtained	  using	  Fortis	  H2O	  150*4.6,	  5µm	  (Blue),	   	  
Symmetry	  C18	  150*4.6	  (Red),	  5µm,	  and	  Xbridge	  C8	  100*4.6,	  3.5µm	  (Green)	  
columns	  
	  
Figure	  3.9	  shows	  that	  both	  the	  C18	  (top	  and	  bottom	  chromatograms)	  and	  the	  Phenyl	  (middle	  
chromatogram)	  retained	  the	  compounds	  of	  interest,	  and	  gave	  reasonable	  peak	  shape	  and	  
resolution,	  however	  the	  Phenyl	  column	  retained	  the	  peaks	  for	  longer	  than	  required,	  which	  
reduces	  the	  efficiency	  of	  the	  method	  as	  fewer	  samples	  can	  be	  analysed	  in	  any	  given	  period	  of	  
time.	  	  The	  length	  of	  time	  a	  compound	  stays	  on	  the	  column	  increases	  the	  variability	  in	  retention	  
time	  for	  each	  compound,	  widening	  the	  retention	  time	  window	  and	  causing	  the	  peaks	  to	  
broaden.	  	  	  Since	  the	  aim	  of	  any	  chromatographic	  technique	  is	  to	  separate	  compounds,	  broad	  
peaks	  are	  problematic	  as	  this	  can	  cause	  coelution	  of	  compounds,	  leading	  to	  inaccruate	  
identification	  and	  quantification.	  	  	  C18	  was	  selected	  as	  the	  most	  appropriate	  column	  chemistry	  






Figure	  3.9:	  	  Symmetry	  C18	  150*4.6,	  5µm	  (Top);	  Xbridge	  Phenyl	  100*4.6,	  3.5µm	  
(Middle);	  Xbridge	  C18	  100*4.6,	  3.5µm	  (Bottom)	  
	  
Use	  of	  a	  100mm	  column	  (bottom	  chromatogram)	  shortened	  the	  retention	  times	  of	  the	  
compounds	  of	  interest	  compared	  to	  the	  150mm	  column	  (top	  chromatogram)	  and	  was	  
therefore	  selected	  for	  use,	  however	  it	  was	  recognised	  that	  it	  would	  be	  necessary	  to	  adjust	  the	  
mobile	  phase	  gradient	  to	  optimise	  the	  resolution	  of	  the	  peaks	  of	  interest.	  
3.3.1.3	  Mobile	  Phase	  
The	  relative	  polarity	  of	  the	  mobile	  and	  stationary	  phase	  environment	  dictates	  the	  resolution	  
and	  peak	  shape	  of	  sample	  components.	  	  Slight	  differences	  in	  the	  organic	  content,	  and	  the	  
polarity	  of	  that	  solvent	  can	  have	  a	  pronounced	  effect	  on	  the	  chromatography	  recorded	  and	  
the	  particular	  separation	  required	  for	  a	  specific	  task,	  for	  instance	  isolation	  of	  a	  particular	  
isomer	  or	  pair	  of	  related	  substances,	  can	  be	  fine-­‐tuned	  through	  balancing	  the	  ability	  of	  the	  
column	  to	  retain,	  with	  the	  ability	  of	  the	  mobile	  phase	  to	  elute	  compounds	  of	  interest.	  	  A	  range	  
of	  solvents	  suitable	  for	  reverse	  phase	  HPLC,	  with	  varying	  levels	  of	  polarity	  were	  used	  as	  sample	  
diluent	  and	  mobile	  phase	  organic	  modifier.	  
Method	  
An	  HPLC	  sample	  was	  first	  prepared	  as	  per	  section	  3.3.1	  and	  analysed	  using	  HPLC	  method	  A7	  
(table	  3.1).	  	  Another	  HPLC	  sample	  was	  prepared	  using	  methanol	  in	  place	  of	  acetonitrile,	  and	  
analysed	  using	  HPLC	  methods	  A3,	  A4,	  A8	  and	  A9	  (table	  3.1).	  	  A	  third	  HPLC	  sample	  was	  
prepared	  using	  ethanol	  in	  place	  of	  acetonitrile,	  and	  analysed	  using	  HPLC	  methods	  A10	  and	  A11	  
(table	  3.1).	  
Peak	  shape	  is	  sensitive	  to	  changes	  in	  pH,	  since	  molecular	  and	  ionised	  forms	  of	  the	  same	  
compound	  have	  slightly	  different	  distributions	  of	  electron	  density,	  and	  therefore	  have	  slightly	  
different	  polarities	  and	  retention	  times.	  	  In	  general,	  it	  is	  recommended	  to	  adjust	  mobile	  phase	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pH	  to	  beyond	  2pH	  units	  from	  a	  sample’s	  pKa	  (the	  pH	  at	  which	  the	  compound	  is	  equally	  
distributed	  between	  ionised	  and	  molecular	  form).	  	  In	  order	  to	  assess	  the	  effect	  of	  mobile	  
phase	  acidification	  on	  peak	  shape,	  samples	  previously	  analysed	  with	  acetonitrile	  and	  water,	  
were	  re-­‐analysed	  with	  the	  solvents	  containing	  0.1%	  Formic	  acid,	  see	  HPLC	  methods	  A23	  and	  
A27	  (table	  3.1)	  
Results	  and	  Discussion	  
Figure	  3.10	  shows	  that	  both	  methanol	  (shown	  in	  green)	  and	  acetonitrile	  (shown	  in	  blue)	  
allowed	  a	  large	  number	  of	  peaks	  to	  be	  detected	  with	  strong	  signal	  to	  noise	  ratios,	  whereas	  
there	  were	  fewer	  peaks	  detected	  using	  50:50	  acetonitrile	  water	  (red)	  and	  ethanol	  (pink)	  and	  
those	  that	  were	  detected	  had	  relatively	  poor	  signal	  to	  noise	  ratios.	  	  	  Since	  the	  methanol	  gave	  
rise	  to	  longer	  retention	  times	  and	  the	  resolution	  and	  peak	  shape	  were	  preferable	  using	  
acetonitrile,	  acetonitrile	  was	  chosen	  as	  the	  best	  organic	  modifier.	  
Figure	  3.10:	  	  Chromatograms	  obtained	  using	  Methanol	  (Green)	  Ethanol	  (Pink)	  
Acetonitrile	  (Blue)	  and	  50:50	  Water:	  Acetonitrile	  (Red)	  as	  the	  organic	  modifier	  
	  
Figure	  3.11	  shows	  that	  there	  was	  no	  improvement	  to	  the	  peak	  shape	  or	  resolution	  upon	  the	  
addition	  of	  0.1%	  formic	  acid	  to	  the	  mobile	  phase	  and	  diluent,	  therefore,	  since	  the	  column	  








Figure	  3.11	  Chromatography	  obtained	  using	  solvents	  containing	  0.1%	  Formic	  
Acid	  (top)	  and	  solvents	  without	  formic	  acid	  (bottom)	  
	  
3.3.1.4	  Gradient	  
The	  retention	  time	  of	  late	  eluting	  compounds,	  which	  have	  higher	  affinity	  for	  the	  organic	  
ligands	  attached	  to	  the	  stationary	  phase,	  can	  be	  reduced	  using	  gradient	  elution,	  where	  the	  
organic	  content	  of	  the	  mobile	  phase	  is	  gradually	  increased	  throughout	  the	  run,	  rather	  than	  
isocratic	  elution,	  where	  the	  mobile	  phase	  composition	  remains	  constant.	  	  In	  order	  to	  
determine	  the	  optimal	  conditions	  for	  separation	  of	  the	  components	  present	  in	  the	  sample,	  a	  
series	  of	  mobile	  phase	  gradients	  were	  used,	  and	  are	  detailed	  in	  Table	  3.1.	  	  The	  aim	  of	  each	  
successive	  change	  to	  the	  gradient	  was	  to	  separate	  the	  mixture	  into	  the	  greatest	  number	  of	  
components,	  with	  the	  maximum	  possible	  separation	  between	  each	  peak,	  in	  a	  reasonable,	  
practical	  run	  time.	  
Method	  
A	  sample	  was	  prepared	  as	  per	  section	  3.3.1.1	  and	  injected	  using	  HPLC	  Methods	  S2-­‐S8	  (table	  
3.1)	  and	  these	  experiments	  are	  also	  presented	  by	  McCulloch	  et.	  al	  (33).	  	  Upon	  transferring	  the	  
study	  to	  another	  laboratory,	  with	  different	  columns	  and	  a	  different	  make	  of	  HPLC	  system,	  
additional	  gradient	  development	  was	  performed.	  	  New	  samples	  were	  prepared	  as	  per	  3.3.1.1,	  
then	  analysed	  with	  gradients A7,	  A12	  and	  A24	  (table	  3.1).	  
Results	  and	  Discussion	  
The	  successive	  changes	  to	  the	  mobile	  phase	  composition	  presented	  by	  McCulloch	  et.	  al	  (33)	  
and	  detailed	  in	  Figure	  3.12	  (Table	  3.1,	  gradients	  S2-­‐S5)	  reduced	  run	  time,	  improved	  the	  shape	  
of	  the	  baseline	  and	  separation	  of	  peaks,	  revealing	  additional	  sample	  components.	  	  Peaks	  were	  
carried	  over	  from	  one	  sample	  to	  the	  next,	  therefore	  a	  wash	  step	  was	  added,	  however	  this	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caused	  interferences	  in	  the	  subsequent	  chromatogram	  (Table	  3.1,	  gradient	  S7)	  which	  were	  
removed	  by	  the	  addition	  of	  a	  column	  conditioning	  step	  (Table	  3.1,	  gradient	  S8)	  
Figure	  3.12	  Chromatograms	  obtained	  following	  successive	  changes	  to	  the	  


















Figure	  3.12	  Continued	  	  
	  
	  
The	  use	  of	  gradient	  elution	  achieved	  better	  separation	  of	  the	  components	  of	  the	  samples,	  with	  
respect	  to	  that	  obtained	  during	  the	  replication	  of	  the	  method	  conditions	  of	  Bommarito	  et.al.	  
(18)	  (see	  section	  3.3.1.1,	  figure	  3.6)	  	  This	  allowed	  more	  peaks	  to	  be	  detected,	  thereby	  offering	  
more	  points	  for	  comparison	  between	  samples	  and	  aiding	  the	  assignment	  of	  peak	  identities.	  
As	  can	  be	  seen	  in	  Figure	  3.12,	  in	  Gradient	  S2	  most	  peaks	  elute	  after	  40min,	  when	  the	  gradient	  
reaches	  around	  45%	  MeCN,	  and	  before	  75	  min,	  where	  the	  mobile	  phase	  is	  approximately	  80%	  
MeCN.	  	  As	  such,	  Gradient	  S3	  was	  held	  for	  10	  min	  at	  30%	  MeCN,	  to	  maintain	  retention	  of	  early	  
eluting	  polar	  compounds,	  and	  then	  increased	  over	  the	  optimum	  range	  identified	  in	  the	  
previous	  run	  to	  80%	  MeCN.	  	  In	  order	  to	  ensure	  highly	  non-­‐polar	  compounds	  were	  completely	  
removed	  from	  the	  column,	  the	  mobile	  phase	  was	  raised	  to	  98%.	  	  Gradient	  S3	  generated	  much	  
better	  separation	  since	  the	  peaks	  eluted	  over	  a	  longer	  section	  of	  the	  run,	  which	  allowed	  an	  
additional	  11	  peaks	  to	  be	  detected.	  	  Since	  the	  majority	  of	  peaks	  eluted	  between	  50-­‐80%	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MeCN,	  the	  starting	  composition	  of	  Gradient	  S4	  was	  raised	  to	  40%	  MeCN	  to	  retain	  early	  eluting	  
compounds,	  then	  quickly	  raised	  to	  50%	  MeCN	  to	  reduce	  the	  run	  time,	  then	  slowly	  increased	  to	  
80%	  to	  ensure	  suitable	  resolution	  of	  peaks,	  and	  finally	  washed	  with	  98%	  MeCN.	  	  Gradient	  S4	  
yielded	  better	  separation	  than	  Gradient	  S3	  (Figure	  3.12),	  however	  the	  two	  stage	  gradient	  
created	  an	  unstable	  baseline	  which	  made	  peak	  identification	  more	  difficult.	  	  It	  is	  also	  more	  
difficult	  to	  achieve	  good	  repeatability	  with	  complex	  gradients	  due	  to	  slight	  differences	  in	  
pumping	  efficiency.	  	  Gradient	  S5	  was	  simplified	  to	  a	  single	  gradient	  over	  30min,	  raising	  the	  
starting	  composition	  to	  45%	  MeCN	  and	  reducing	  the	  hold	  time	  in	  order	  to	  further	  reduce	  the	  
run	  time.	  	  	  
An	  unusual	  baseline	  and	  large	  peaks	  eluting	  at	  the	  start	  of	  the	  run	  were	  observed,	  which	  
indicated	  that	  the	  wash	  step	  was	  insufficient,	  therefore	  an	  additional	  5	  minutes	  were	  added	  in	  
Gradient	  S7	  to	  ensure	  no	  peaks	  were	  carried	  over	  from	  one	  injection	  to	  the	  next.	  	  This	  caused	  
a	  large	  interference	  peak	  to	  elute	  over	  the	  first	  15min	  of	  the	  subsequent	  chromatogram,	  which	  
was	  thought	  to	  be	  the	  result	  of	  the	  large,	  sudden	  change	  in	  mobile	  phase	  composition	  (Figure	  
3.12).	  	  An	  additional	  5	  min	  was,	  therefore,	  added	  to	  allow	  the	  column	  to	  equilibrate,	  giving	  a	  
total	  final	  run	  time	  of	  50min	  for	  gradient	  S8.	  	  
Shortening	  the	  chromatographic	  run	  time	  is	  non-­‐trivial	  when	  one	  considers	  that	  MeCN	  has	  
been	  in	  short	  supply	  in	  recent	  years,	  causing	  project	  delays	  and	  price	  increases.	  	  The	  reduction	  
in	  run	  time	  achieved	  in	  this	  project	  not	  only	  doubled	  potential	  productivity,	  but	  also	  reduced	  
the	  MeCN	  cost	  by	  £1.57	  per	  run.	  	  The	  100min	  run	  time	  detailed	  by	  Bommarito	  et.	  al	  (18)	  is	  
severely	  detrimental	  to	  the	  efficiency	  of	  the	  analysis	  and,	  likewise,	  to	  the	  productivity	  of	  any	  
laboratory	  performing	  the	  analysis.	  In	  order	  to	  ensure	  correct	  functioning	  of	  the	  instrument	  
and	  accurate	  sample	  preparation	  it	  is	  necessary	  to	  run	  a	  number	  of	  system	  suitability	  
injections,	  furthermore	  a	  series	  of	  standards	  must	  be	  injected	  if	  quantitative	  analyses	  are	  to	  be	  
performed	  (15)	  (116).	  	  Such	  tests	  are	  mandatory	  in	  a	  regulated	  environment	  like	  a	  forensic	  
laboratory.	  	  A	  100min	  run	  time	  would	  permit	  only	  14	  injections	  to	  be	  performed	  per	  day,	  
which	  means	  an	  entire	  day	  could	  be	  required	  for	  analysing	  standards	  and	  system	  suitability	  
solutions	  prior	  to	  sample	  analysis.	  	  This	  is	  clearly	  detrimental	  to	  the	  practicability	  of	  the	  
method.	  	  Gradient	  S8	  was	  therefore	  selected	  for	  use	  in	  the	  preliminary	  feasibility	  study	  
(Chapter	  4)	  to	  determine	  whether	  the	  variability	  of	  the	  HPLC	  profiles	  of	  soil	  was	  sufficient	  to	  





Figure	  3.13	  Chromatograms	  obtained	  following	  successive	  changes	  to	  the	  
gradient	  using	  methods	  A7	  (top)	  A24	  (middle)	  and	  A12	  (bottom)	  
	  
Following	  the	  feasibility	  study,	  the	  development	  of	  the	  mobile	  phase	  gradient	  continued	  on	  
the	  Agilent	  instrument,	  using	  new	  columns,	  to	  further	  improve	  the	  sample	  preparation	  and	  
analysis	  method,	  and	  the	  results	  in	  Figure	  3.13	  show	  successive	  changes	  in	  chromatography	  for	  
the	  Xbridge	  C18	  100*4.6,	  3.5µm	  column,	  using	  the	  gradients	  shown	  in	  Table	  3.1	  for	  A7	  (top)	  
A24	  (middle)	  and	  A12	  (bottom).	  	  These	  chromatograms	  show	  that	  it	  is	  possible	  to	  further	  
reduce	  the	  run	  time	  to	  35min	  without	  significantly	  compromising	  the	  peak	  shape,	  resolution,	  
or	  the	  number	  of	  peaks	  observed.	  	  Gradient	  A24	  was	  therefore	  selected	  for	  use	  in	  the	  
subsequent	  studies	  into	  the	  development	  of	  data	  analysis	  strategies	  (Chapter	  5),	  the	  temporal	  
and	  geographic	  variability	  of	  the	  profiles	  (Chapter	  6),	  and	  the	  comparison	  of	  HPLC	  with	  more	  
established	  analytical	  techniques	  for	  forensic	  geoscience	  (Chapter	  7).	  	  
3.3.1.5	  Injection	  Volume	  
Peak	  size	  is	  proportional	  to	  the	  amount	  of	  sample	  injected	  onto	  the	  column,	  therefore	  sample	  
concentration	  can	  often	  be	  reduced	  without	  a	  loss	  of	  signal	  by	  increasing	  the	  injection	  volume,	  
however	  these	  effects	  may	  be	  non-­‐linear	  and	  there	  can	  be	  a	  loss	  of	  resolution	  due	  to	  peak	  
broadening	  resulting	  from	  larger	  injection	  volumes.	  	  Since	  sample	  quantity	  is	  a	  key	  limiting	  
factor	  in	  forensic	  investigations,	  the	  injection	  volume	  was	  successively	  increased	  to	  allow	  the	  
amount	  of	  sample	  required	  to	  be	  reduced	  without	  affecting	  the	  sensitivity	  of	  the	  method.	  
Method	  
A	  sample	  of	  well-­‐mixed	  soil	  from	  point	  4A	  was	  prepared	  according	  to	  the	  method	  described	  in	  
section	  3.3.1.1	  and	  injected	  at	  10µl	  and	  20µl	  using	  HPLC	  Methods	  S2	  and	  S3,	  then	  the	  same	  
soil	  was	  re-­‐prepared	  according	  to	  the	  method	  described	  in	  3.1.1.3	  and	  injected	  at	  50µl	  using	  
HPLC	  Method	  S6.	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Results	  and	  Discussion	  
Increasing	  the	  volume	  of	  sample	  injected	  onto	  the	  system	  from	  10µl	  to	  20µl	  increased	  the	  
height	  of	  the	  peaks	  without	  significantly	  affecting	  peak	  resolution	  (Figure	  3.12,	  S2	  and	  S3	  
respectively).	  	  For	  instance,	  in	  Gradient	  S2	  the	  main	  peak	  at	  39.390min	  increases	  in	  height	  
from	  4732µV	  to	  8048µV	  in	  Gradient	  S3	  (equivalent	  peak	  at	  22.971min).	  	  This	  allowed	  the	  
sample	  concentration,	  and	  consequently	  the	  amount	  of	  sample	  required	  for	  analysis,	  to	  be	  
reduced	  without	  losing	  sensitivity.	  	  It	  should	  be	  noted,	  however,	  that	  the	  peak	  responses	  were	  
generally	  very	  weak,	  a	  typical	  target	  response	  in	  HPLC	  is	  between	  0.5V	  and	  1V.	  	  Despite	  this,	  
the	  limit	  of	  detection,	  defined	  as	  the	  peak	  response	  with	  a	  signal	  to	  noise	  ratio	  of	  at	  least	  3:1	  
(152),	  was	  calculated	  to	  be	  as	  low	  as	  174µV.	  	  	  To	  compensate	  for	  very	  low	  peak	  responses,	  the	  
injection	  volume	  was	  further	  increased	  from	  20µl	  to	  50µl	  in	  Gradient	  S6,	  which	  increased	  the	  
response	  of	  the	  characteristic	  peak	  eluting	  at	  12min	  from	  7541µV	  to	  16668µV	  without	  any	  
decrease	  in	  resolution	  (Figure	  3.12)	  and	  this	  was	  used	  as	  the	  injection	  volume	  for	  the	  
remaining	  experiments.	  
3.3.1.6	  Temperature	  
Temperature	  can	  have	  a	  significant	  effect	  on	  the	  composition,	  and	  therefore	  chromatography,	  
of	  organic	  samples.	  	  Sample	  solutions	  can	  potentially	  degrade	  during	  the	  course	  of	  an	  HPLC	  
analysis,	  therefore	  the	  autosampler	  temperature	  can	  be	  lowered	  to	  slow	  the	  rate	  of	  
degradation.	  	  On	  the	  other	  hand,	  cooling	  a	  sample	  that	  was	  prepared	  at	  room	  temperature,	  
particularly	  those	  using	  hot	  extraction,	  can	  cause	  dissolved	  or	  liquid	  species	  to	  solidify	  in	  the	  
sample	  vials,	  which	  would	  lead	  to	  changes	  in	  sample	  concentration	  and	  could	  potentially	  
damage	  the	  instrument.	  	  Temperature	  also	  effects	  the	  shape,	  resolution	  and	  height	  of	  peaks,	  
therefore	  the	  column	  was	  held	  at	  a	  constant	  temperature	  during	  analysis	  in	  order	  that	  
fluctuations	  in	  ambient	  temperature	  did	  not	  affect	  reproducibility.	  	  	  
Method	  
To	  determine	  the	  effect	  of	  chilling	  the	  autosampler,	  samples	  were	  prepared	  as	  per	  section	  
3.3.1.1	  were	  injected	  at	  room	  temperature,	  and	  then	  after	  being	  equilibrated	  at	  	  5°C.	  	  The	  
methods	  used	  were	  A24	  and	  A26,	  at	  ambient	  and	  5°C	  respectively.	  	  Column	  temperature	  was	  
initially	  held	  at	  25°C	  for	  HPLC	  methods	  S1-­‐S8	  (Table	  3.1,	  figure	  3.12).	  	  Column	  temperature	  was	  
then	  raised	  to	  30°C	  to	  ensure	  constant	  temperature	  during	  the	  summer	  months,	  and	  this	  was	  
used	  as	  standard	  throughout	  the	  remaining	  method	  development	  using	  HPLC	  methods	  A1-­‐
A24,	  A26	  and	  A27	  (Table	  3.1).	  	  The	  effect	  of	  raising	  column	  temperature	  to	  50°C	  was	  
investigated	  by	  preparing	  a	  sample	  according	  to	  section	  3.3.1.1	  followed	  by	  analysis	  using	  
HPLC	  method	  A25,	  with	  further	  analysis	  using	  HPLC	  method	  A26	  for	  comparison.	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Results	  and	  Discussion	  
Precipitation	  of	  solids	  occurred	  when	  the	  sample	  vials	  were	  held	  at	  5°C,	  which	  did	  not	  occur	  
when	  the	  autosampler	  temperature	  was	  not	  controlled,	  therefore	  the	  autosampler	  
temperature	  was	  maintained	  at	  ambient	  conditions	  for	  the	  remaining	  studies.	  	  Figure	  3.14	  
shows	  that	  increasing	  the	  column	  temperature	  to	  50°C	  causes	  the	  peaks	  of	  interest	  to	  elute	  
more	  quickly	  from	  the	  column,	  with	  87%	  of	  the	  peaks	  eluting	  before	  22min	  compared	  to	  60%	  
at	  30°C,	  resulting	  in	  an	  unfavourable	  13%	  loss	  in	  the	  average	  resolution	  between	  the	  peaks	  
obtained	  at	  50°C	  compared	  to	  30°C,	  therefore	  the	  column	  was	  maintained	  at	  30°C	  in	  the	  
remaining	  studies.	  
Figure	  3.14	  Chromatography	  obtained	  with	  a	  column	  temperature	  of	  30°C	  (top)	  
and	  50°C	  (bottom)	  
	  
	  
3.3.2	  Sample	  Preparation	  	  
Organic	  molecules	  can	  be	  highly	  sensitive	  to	  certain	  environmental	  conditions,	  and	  can	  
decompose	  or	  degrade	  when	  exposed	  to	  factors	  such	  as	  moisture,	  heat,	  light	  or	  other	  
chemicals.	  	  As	  such,	  the	  conditions	  under	  which	  soil	  is	  stored	  and	  prepared	  has	  the	  potential	  to	  
affect	  its	  organic	  profile.	  	  In	  order	  to	  verify	  that	  the	  analytical	  method	  does	  not	  introduce	  
=====================================================================
Acq. Op rator   : Georgia McCulloch              Seq. Line :   5
Acq. Instrument : Instrument 1                    Location : Vial 37
Injection Date  : 11/26/2014 4:24:29 AM                Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\HPCHEM\1\METHODS\GM_MD8.M
Last changed    : 4/28/2014 11:21:09 PM by Georgia McCulloch
Analysis Method : C:\CHEM32\1\METHODS\GMPM.M
Last changed    : 3/24/2015 3:27:23 PM by Practical HPLC Tablets
                  (modified after loading)
=====================================================================
 
Column Description :  BDS Hypersil C18
Product#           :  79916BD-354       Batch#:   
Serial#            :  0641206D
Diameter           :  4.6 mm           Length :  100.0 mm
Particle size      :  3.0 µm      Void volume :   68.0 %
Maximum Pressure   :    0 bar      Maximum pH :      0
Maximum Temperature:    0 °C
Comment            : Ros 21/10/04




























































































































































































































































































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
 
Data File H:\UNI\ALL RAW DATA  FROM ABERDEEN\GM_EA\037-0501.D
Sample Name: CT30
Instrument 1 3/24/2015 3:27:28 PM Practical HPLC Tablets Page 1 of 3
=====================================================================
Acq. Operator   : Georgia McCulloch              Seq. Line :   6
Acq. Instrument : Instrument 1                    Location : Vial 37
Injection Date  : 11/26/2014 6:59:08 AM                Inj :   2
                                                Inj Volume : 50 µl
Acq. Method     : C:\HPCHEM\1\METHODS\GM_50C.M
Last changed    : 11/24/2014 11:50:27 PM by Georgia McCulloch
Analysis Method : C:\CHEM32\1\METHODS\GMPM.M
Last changed    : 3/24/2015 3:47:05 PM by Practical HPLC Tablets
                  (modified after loading)
=====================================================================
 
Column Description :  BDS Hypersil C18
Product#           :  79916BD-354       Batch#:   
Serial#            :  0641206D
Diameter           :  4.6 mm           Length :  100.0 mm
Particle size      :  3.0 µm      Void volume :   68.0 %
Maximum Pressure   :    0 bar      Maximum pH :      0
Maximum Temperature:    0 °C
Comment            : Ros 21/10/04





























































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
 
Data File H:\UNI\ALL RAW DATA  FROM ABERDEEN\GM_EA\037-0602.D
Sample Name: CT50
Instrument 1 3/24/2015 3:48:05 PM Practical HPLC Tablets Page 1 of 3
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artefacts	  that	  could	  influence	  the	  outcome	  of	  the	  comparison,	  it	  is	  also	  important	  to	  monitor	  
the	  effects	  of	  each	  step	  in	  the	  laboratory	  procedure	  on	  the	  profiles	  obtained.	  
The	  sample	  preparation	  methods	  detailed	  in	  previous	  studies	  required	  1g	  of	  sample,	  which	  
may	  not	  be	  available	  in	  forensic	  cases	  and	  involved	  several	  steps,	  which	  would	  take	  several	  
hours	  to	  complete.	  Complex	  sample	  preparation	  increases	  cost,	  reduces	  efficiency	  and	  so	  
reduces	  the	  usability	  of	  the	  method	  for	  routine	  use	  in	  a	  forensic	  laboratory,	  therefore	  the	  
sample	  preparation	  was	  redesigned	  for	  this	  study.	  	  Equipment	  performance	  and	  
chromatography	  was	  monitored	  throughout	  the	  method	  development	  stage	  and	  a	  series	  of	  
adjustments	  to	  the	  sample	  preparation	  were	  made	  accordingly.	  
Unless	  stated	  otherwise,	  the	  procedure	  for	  preparing	  HPLC	  samples	  was	  as	  per	  section	  3.3.1.1	  
and	  the	  sample	  was	  injected	  onto	  an	  Agilent	  1200	  HPLC	  system	  with	  a	  quaternary	  pump	  and	  
PDA	  detector	  using	  the	  HPLC	  method	  A7	  parameters	  detailed	  in	  Table	  3.1.	  
3.3.2.1	  Drying	  
Water	  is	  a	  powerful	  solvent	  and	  could	  lead	  to	  the	  degradation	  of	  organic	  soil	  constituents	  
through	  hydrolysis	  reactions,	  or	  by	  providing	  a	  reaction	  medium	  to	  allow	  alterations	  to	  soil	  
composition	  by	  other	  chemical	  or	  biological	  mechanisms.	  	  In	  addition,	  many	  soils	  have	  
excellent	  moisture	  retention	  properties	  therefore	  water	  can	  account	  for	  a	  substantial	  
proportion	  of	  soil’s	  mass	  and	  volume.	  	  The	  	  effect	  of	  removing	  water	  on	  the	  chromatographic	  
profiles	  was	  monitored.	  
Methods	  
Moisture	  Content	  
In	  order	  to	  determine	  the	  moisture	  content	  of	  the	  soil,	  approximately	  25ml	  of	  soil	  was	  added	  
to	  a	  separate	  pre-­‐weighed	  glass	  vial,	  which	  was	  weighed	  then	  placed,	  unsealed	  to	  allow	  
moisture	  egress	  but	  protected	  from	  light,	  in	  an	  electrically	  ventilated	  drying	  cabinet.	  	  The	  vials	  
were	  weighed	  periodically	  until	  they	  were	  completely	  dry	  and	  had	  reached	  a	  stable	  weight	  
(stability	  defined	  as	  a	  change	  of	  <0.1	  Moisture	  %w/w	  between	  weighings)	  then	  the	  %w/w	  
Moisture	  was	  calculated	  from	  the	  loss	  on	  drying	  as	  defined	  in	  Equation	  3.1.	  
	  
Equation	  3.1	  	   	  




Untreated	  Sample	  Weight	  =	  Weight	  of	  Vial	  Containing	  Untreated	  Sample	  -­‐	  Weight	  of	  Empty	  
Vial	  
and	  
Stable	  Weight	  =	  Weight	  of	  Vial	  Containing	  Dry	  Sample	  -­‐	  Weight	  of	  Empty	  Vial	  
Drying	  Cabinet	  
One	  way	  to	  remove	  excess	  moisture	  from	  analytical	  samples	  is	  by	  placing	  them	  in	  a	  drying	  
cabinet	  where	  they	  are	  exposed	  to	  gentle	  heating	  from	  incandescent	  bulbs	  and	  increased	  
airflow	  by	  way	  of	  forced	  ventilation.	  	  This	  technique	  could	  lead	  to	  thermal	  or	  photo-­‐induced	  
degradation	  of	  organic	  molecules,	  while	  the	  slightly	  elevated	  temperature	  could	  promote	  
biologically	  induced	  changes	  to	  the	  organic	  composition	  of	  the	  soil.	  	  In	  order	  to	  monitor	  these	  
potential	  effects,	  a	  sub-­‐sample	  of	  approximately	  5ml	  well-­‐mixed	  soil	  from	  Locations	  1	  to	  4	  
were	  placed	  in	  the	  drying	  cabinet	  in	  open	  containers	  until	  successive	  weights	  differed	  by	  <0.1%	  
w/w.	  	  In	  addition,	  a	  sub-­‐sample	  from	  location	  4	  was	  kept	  in	  a	  sealed	  container	  to	  prevent	  loss	  
of	  moisture	  and	  allow	  for	  the	  comparison	  of	  chromatograms	  for	  moist	  and	  dried	  soil.	  
Nitrogen	  
One	  way	  to	  remove	  excess	  moisture	  from	  analytical	  samples	  is	  by	  exposing	  the	  sample	  to	  a	  
stream	  of	  dry,	  inert	  gas.	  	  This	  process	  offers	  an	  advantage	  over	  drying	  the	  samples	  with	  heat	  in	  
that	  there	  is	  no	  increased	  risk	  of	  thermal	  degradation,	  however	  it	  can	  on	  occasion	  introduce	  
impurities	  into	  the	  sample,	  either	  as	  a	  result	  of	  the	  purity	  of	  the	  gas	  itself,	  or	  from	  the	  
equipment	  used	  to	  deliver	  the	  stream	  of	  gas,	  such	  as	  rubber	  tubing.	  	  To	  monitor	  the	  effect	  of	  
drying	  under	  Nitrogen	  gas,	  soil	  from	  Location	  4	  was	  mixed	  well,	  and	  a	  sub-­‐sample	  was	  placed	  
in	  a	  glass	  vial	  and	  placed	  under	  a	  stream	  of	  nitrogen	  overnight.	  
Results	  and	  Discussion	  
Locations	  1-­‐4	  were	  determined	  to	  have	  moisture	  contents	  of	  0.19%	  by	  weight,	  6.35%,	  17.92%,	  
30.95%	  by	  weight,	  respectively	  and	  the	  chromatography	  of	  the	  dried	  and	  undried	  samples	  are	  
displayed	  in	  figure	  3.15.	  	  	  There	  were	  no	  significant	  changes	  to	  the	  chromatograms	  obtained	  







Figure	  3.15	  Chromatograms	  for	  samples	  from	  location	  4	  that	  were	  not	  dried	  




3.3.2.2	  Working	  concentration	  	  
One	  of	  the	  aims	  of	  this	  project	  was	  to	  reduce	  the	  amount	  of	  sample	  required	  per	  analysis	  in	  
order	  to	  maximise	  the	  potential	  impact	  of	  this	  technique	  for	  use	  in	  case	  work,	  and	  it	  was	  
=====================================================================
Acq. Operator   : Georgia                        Seq. Line :   5
Acq. Instrument : Instrument 1                    Location : Vial 25
Injection Date  : 3/1/2013 8:04:35 PM                  Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MRES_15CMXDBC18.M
Last changed    : 3/1/2013 4:18:13 PM by Jose
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MRES.M
Last changed    : 4/18/2013 4:11:12 PM by Muna
                  (modified after loading)




Column Description :  Eclipse XDB-C18
Product#           :  993967-902        Batch#:   
Serial#            :   
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Tempera ur :   60 °C
Comment            :  































































































































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
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=====================================================================
Acq. Operator   : Georgia                        Seq. Line :   9
Acq. Instrument : Instrument 1                    Location : Vial 29
Injection Date  : 3/1/2013 11:33:50 PM                 Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MRES_15CMXDBC18.M
Last changed    : 3/1/2013 4:18:13 PM by Jose
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MRES.M
Last changed    : 4/18/2013 4:11:12 PM by Muna
                  (modified after loading)




Column Description :  Eclipse XDB-C18
Product#          :  9 3967- 02        Batch#: 
Serial#             
Diameter         :  4.6 mm         Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  








































































































































































































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
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=====================================================================
Acq. Operator   : Georgia                        Seq. Line :  13
Acq. Instrument : Instrument 1                    Location : Vial 33
Injection Date  : 3/2/2013 3:03:09 AM                  Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MRES_15CMXDBC18.M
Last changed    : 3/1/2013 4:18:13 PM by Jose
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MRES.M
Last changed    : 4/18/2013 4:11:12 PM by Muna
                  (modified after loading)




Column Description :  Eclipse XDB-C18
Product#           :  993967-902        Batch#:  
Serial#          :  
Diameter        :  4.6 mm        Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  




















































































































































































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
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therefore	  necessary	  to	  perform	  experiments	  to	  ascertain	  the	  effects	  of	  reducing	  the	  required	  
sample	  amounts	  and	  concentration,	  as	  has	  been	  discussed	  by	  McCulloch	  et.	  al.	  (33).	  
Method	  
Bommarito	  et.	  al	  (18)	  used	  a	  working	  concentration	  of	  1g/ml,	  therefore	  approximately	  1g	  was	  
weighed	  into	  a	  centrifuge	  tube	  and	  1ml	  acetonitrile	  was	  added	  by	  automatic	  pipette	  and	  
prepared	  as	  per	  section	  3.3.1.1.	  	  The	  required	  sample	  quantities	  were	  then	  scaled	  down	  and	  
HPLC	  samples	  were	  re-­‐prepared	  using	  500mg	  soil	  and	  500µl	  acetonitrile	  (working	  
concentration	  1g/ml)	  to	  ensure	  the	  extraction	  efficiency	  was	  not	  effected	  by	  the	  reduction	  in	  
sample	  amount	  or	  solvent	  volume.	  	  The	  working	  concentration	  was	  then	  reduced	  to	  
500mg/ml,	  using	  250mg	  soil	  in	  500ul	  acetonitrile.	  	  	  
Results	  and	  Discussion	  
When	  samples	  were	  prepared	  at	  1g/ml	  using	  1g	  of	  sample	  (Figure	  3.12,	  S2-­‐3),	  approximately	  
500ul	  of	  supernatant	  was	  available	  for	  injection	  onto	  the	  HPLC	  following	  centrifugation	  and	  
filtration,	  which	  was	  more	  than	  required	  for	  analysis.	  	  The	  quantities	  could	  therefore	  be	  scaled	  
down	  to	  500mg	  soil	  and	  500ul	  acetonitrile,	  as	  over	  200ul	  of	  supernatant	  was	  available	  for	  
injection	  and	  the	  chromatograms	  obtained	  gave	  peaks	  of	  the	  same	  size	  (Figure	  3.12,	  S4-­‐5)	  
showing	  that	  the	  extraction	  efficiency	  was	  not	  reduced	  by	  this	  size	  of	  reduction	  in	  sample	  
amounts	  or	  volume	  of	  solvent,	  however	  this	  required	  the	  use	  of	  vial	  inserts	  to	  avoid	  injecting	  
air	  bubbles	  onto	  the	  HPLC.	  	  Upon	  increasing	  the	  injection	  volume	  to	  50ul	  (Figure	  3.12,	  S6-­‐8)	  it	  
was	  possible	  to	  reduce	  the	  sample	  concentration	  to	  500mg/ml,	  using	  250mg	  of	  soil	  and	  500ul	  
acetonitrile,	  which	  again	  resulted	  in	  only	  around	  200ul	  being	  available	  for	  injection	  onto	  the	  
HPLC	  system,	  however	  it	  was	  not	  possible	  to	  reduce	  the	  quantities	  any	  further	  due	  to	  
unavoidable	  loss	  of	  the	  sample	  solution	  during	  the	  filtration	  step.	  	  It	  may	  be	  possible	  to	  further	  
reduce	  the	  sample	  quantities	  in	  future	  by	  preparing	  more	  dilute	  samples	  and	  adding	  in	  a	  
sample	  concentration	  step,	  however	  this	  would	  add	  to	  the	  complexity	  of	  the	  method,	  creating	  
scope	  for	  analyst	  error,	  and	  would	  make	  the	  sample	  preparation	  step	  more	  time	  consuming	  
(and	  therefore	  more	  expensive	  in	  a	  commercial	  laboratory)	  and	  could	  also	  require	  the	  use	  of	  
relatively	  expensive	  consumables	  to	  allow	  for	  solid	  phase	  extraction,	  and	  significant	  method	  
development	  to	  select	  a	  suitable	  internal	  standard.	  	  The	  working	  concentration	  was	  therefore	  
reduced	  to	  500mg/ml,	  using	  250mg	  soil	  in	  500ul	  acetonitrile	  for	  the	  remaining	  experiments.	  
3.3.2.3	  Extraction	  Solvents	  	  
The	  solubility	  of	  any	  given	  compound	  is	  dependent	  on	  the	  particular	  solvent	  used,	  and	  is	  
particularly	  influenced	  by	  the	  polarity	  of	  that	  solvent,	  which	  is	  in	  turn	  determined	  by	  the	  
molecular	  structure.	  	  Solvents	  with	  polarities	  similar	  to	  the	  target	  analyte	  generally	  produce	  
86	  
	  
the	  most	  efficient	  dissolution	  and	  “like	  dissolves	  like”	  is	  a	  useful	  heuristic	  for	  solvent	  selection.	  	  
In	  this	  case,	  since	  the	  composition	  of	  the	  sample	  is	  unknown,	  a	  range	  of	  solvents	  suitable	  for	  
use	  with	  Reverse	  Phase	  HPLC	  was	  tested	  to	  determine	  which	  extracted	  the	  greatest	  number	  of	  
compounds	  and	  generate	  the	  most	  points	  for	  comparison	  between	  samples.	  
Method	  
An	  HPLC	  sample	  was	  prepared	  as	  per	  section	  3.2.2.1	  and	  analysed	  by	  method	  A7	  (table	  3.1),	  	  a	  
second	  sample	  was	  prepared	  with	  50:50	  acetonitrile:	  water	  and	  analysed	  by	  method	  A7,	  a	  
third	  sample	  was	  prepared	  with	  methanol	  used	  in	  place	  of	  acetonitrile	  and	  analysed	  by	  HPLC	  
Method	  A9,	  and	  a	  fourth	  sample	  was	  prepared	  with	  ethanol	  used	  in	  place	  of	  acetonitrile	  and	  
analysed	  by	  HPLC	  Method	  A11.	  
Results	  and	  Discussion	  
The	  effect	  of	  the	  use	  of	  methanol,	  ethanol,	  acetonitrile	  and	  50:50	  acetonitrile:	  water	  to	  
prepare	  the	  sample	  extracts	  is	  displayed	  in	  figure	  3.16,	  which	  shows	  the	  changes	  to	  peak	  shape	  
and	  resolution	  resulting	  from	  changes	  to	  the	  analytical	  solvents.	  
Figure	  3.16:	  	  Chromatograms	  obtained	  for	  samples	  extracted	  in	  Methanol	  
(Green)	  Ethanol	  (Pink)	  Acetonitrile	  (Red)	  and	  50:50	  Water:	  Acetonitrile	  (Blue)	  
	  
Figure	  3.16	  shows	  that	  acetonitrile	  was	  the	  best	  extraction	  solvent	  as	  this	  produced	  
chromatograms	  with	  the	  greatest	  number	  of	  individual	  peaks,	  which	  	  were	  the	  most	  clearly	  
resolved	  peaks.	  	  The	  baseline	  for	  the	  acetonitrile	  samples	  was	  stable	  and	  therefore	  produced	  
the	  strongest	  signal	  to	  noise	  values,	  relative	  to	  the	  other	  solvents	  used.	  	  Acetonitrile	  was	  
therefore	  selected	  as	  the	  extraction	  solvent	  for	  the	  remaining	  experiments.	  
3.3.2.4	  Extraction:	  
The	  ability	  of	  the	  sample	  preparation	  method	  to	  transfer	  organic	  compounds	  from	  the	  sample	  
matrix	  into	  solution	  dictates	  the	  amount	  of	  sample	  required	  to	  perform	  the	  analysis.	  	  
Extraction	  efficiency	  can	  be	  improved	  by	  maximising	  the	  potential	  for	  interaction	  between	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solvent	  and	  analyte	  molecules	  either	  through	  mechanical	  action	  or	  increasing	  the	  kinetic	  
energy	  of	  the	  molecules	  through	  heating.	  
Methods	  
Sonication	  
A	  common	  method	  of	  extraction	  involves	  applying	  ultrasonic	  pressure	  waves	  to	  the	  sample,	  
which	  produces	  cavitation	  in	  the	  sample,	  in	  which	  voids	  are	  created	  and	  oscillate	  in	  response	  
to	  the	  ultrasonic	  field,	  which	  can	  in	  turn	  disrupt	  the	  intermolecular	  forces	  preventing	  analyte	  
molecules	  from	  entering	  the	  solution	  phase.	  	  In	  order	  to	  assess	  the	  effect	  of	  sonication	  on	  the	  
chromatographic	  profiles	  generated,	  an	  HPLC	  sample	  was	  prepared	  as	  per	  section	  3.3.1.1	  and	  
analysed	  by	  HPLC	  method	  A24	  (Table	  3.1)	  for	  comparison	  with	  samples	  extracted	  by	  other	  
means.	  
Hot	  Extraction	  
Thermal	  energy	  causes	  solvent	  molecules	  to	  move	  more	  quickly,	  thus	  increasing	  the	  likelihood	  
of	  interaction	  between	  solvent	  and	  solute.	  	  Heat	  can	  also	  transfer	  energy	  to	  sample	  molecules	  
sufficient	  to	  overcome	  the	  inter	  and	  intra-­‐molecular	  attractions	  that	  prevent	  dissolution,	  
however	  thermal	  energy	  can	  of	  course	  make	  and	  break	  chemical	  bonds	  resulting	  in	  changes	  to	  
sample	  composition.	  	  In	  order	  to	  assess	  the	  effect	  of	  heating	  on	  the	  chromatographic	  profiles	  
generated,	  an	  HPLC	  sample	  was	  prepared	  as	  per	  section	  3.3.1.1,	  heating	  the	  samples	  to	  60°C	  
in	  place	  of	  sonication,	  and	  analysed	  by	  A24	  (Table	  3.1)	  	  for	  comparison	  with	  samples	  extracted	  
by	  other	  means.	  
Vortex	  Mixing	  
Vortex	  mixing	  involves	  oscillating	  the	  sample	  container	  at	  such	  a	  rate	  that	  a	  vortex	  is	  created	  
which	  forces	  the	  solvent	  through	  the	  sample	  in	  an	  orbital	  motion,	  mixing	  the	  solid	  and	  solution	  
phases	  and	  thereby	  increasing	  the	  interaction	  between	  solvent	  and	  solute	  molecules.	  	  The	  
forces	  created	  by	  the	  vortex	  can	  also	  help	  to	  break	  down	  aggregated	  particulate	  matter	  to	  
further	  improve	  extraction.	  	  In	  order	  to	  compare	  the	  effect	  of	  vortex	  mixing	  on	  the	  
chromatographic	  profiles	  generated,	  an	  HPLC	  sample	  was	  prepared	  as	  per	  section	  3.3.1.1	  using	  
the	  vortex	  mixer	  in	  place	  of	  sonication,	  and	  analysed	  by	  HPLC	  method	  A24	  (Table	  3.1)	  for	  
comparison	  with	  samples	  extracted	  by	  other	  means.	  
Grinding	  
The	  particulate	  matter	  present	  in	  soil	  can	  create	  a	  physical	  barrier	  to	  complete	  recovery	  of	  all	  
soluble	  compounds	  present	  in	  the	  sample.	  	  	  In	  order	  to	  maximise	  the	  potential	  for	  full	  recovery	  
of	  soluble	  organic	  compounds,	  it	  is	  sometimes	  appropriate	  to	  grind	  samples	  prior	  to	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extraction,	  however	  this	  process	  generates	  heat	  and	  can	  increase	  the	  moisture	  content	  of	  
samples,	  in	  addition	  to	  providing	  an	  opportunity	  for	  samples	  to	  become	  contaminated	  in	  the	  
grinding	  apparatus,	  therefore	  care	  must	  be	  taken	  that	  grinding	  samples	  does	  not	  introduce	  any	  
changes	  to	  the	  chromatographic	  profile	  obtained.	  	  In	  order	  to	  test	  the	  effects	  of	  grinding	  on	  
the	  observed	  chromatography,	  samples	  were	  ground	  in	  a	  pestle	  and	  mortar	  then	  an	  HPLC	  
sample	  was	  prepared	  as	  per	  section	  3.3.1.1	  and	  analysed	  by	  HPLC	  method	  A24	  (Table	  3.1)	  
Results	  and	  Discussion	  
The	  results	  of	  the	  use	  of	  different	  sample	  preparation	  and	  extraction	  methods	  on	  the	  
chromatography	  of	  the	  samples	  are	  presented	  in	  figure	  3.17.	  
Figure	  3.17:	  	  Chromatograms	  obtained	  during	  extraction	  method	  development	  
for	  blank	  acetonitrile	  (red),	  and	  samples	  extracted	  using	  sonication	  (green),	  hot	  
extraction	  (pink),	  vortex	  mixing	  (dark	  green),	  vortex	  mixing	  plus	  hot	  extraction	  
(blue),	  grinding	  (yellow),	  grinding	  followed	  by	  centrifugation	  (purple)	  
	  
Figure	  3.17	  shows	  that	  there	  are	  no	  significant	  differences	  in	  the	  peak	  height,	  peak	  shape	  or	  
the	  resolution	  between	  peaks	  for	  the	  chromatograms	  obtained	  with	  each	  of	  the	  different	  
extraction	  methods	  trialled	  in	  this	  study,	  with	  the	  exception	  of	  	  the	  sample	  extracted	  using	  the	  
vortex	  mixer,	  for	  which	  a	  spurious	  set	  of	  peaks	  was	  observed	  at	  around	  9min.	  	  	  	  
Homogenisation	  of	  samples	  during	  grinding	  can	  present	  problems	  when	  interpreting	  evidence,	  
as	  discussed	  in	  Chapter	  2,	  therefore	  to	  avoid	  these	  potential	  issues,	  and	  in	  the	  absence	  of	  clear	  
advantages	  for	  any	  of	  the	  extraction	  methods	  over	  the	  others,	  and	  in	  order	  to	  avoid	  any	  
potential	  thermal	  degradation,	  and	  the	  unidentified	  cause	  of	  the	  spurious	  peaks	  in	  the	  sample	  
prepared	  by	  vortex	  mixing,	  sonication	  was	  selected	  as	  the	  extraction	  method	  for	  all	  remaining	  
experiments.	  
3.3.2.5	  Clarification	  Method	  
Particulate	  matter	  is	  incredibly	  harmful	  to	  HPLC	  instrumentation	  and	  therefore	  must	  be	  
removed	  from	  samples	  to	  prevent	  blockages,	  ensure	  optimal	  flow	  characteristics,	  avoid	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disruption	  of	  the	  UV	  light	  path	  and	  protect	  internal	  components	  such	  as	  the	  pistons,	  frits,	  
seals,	  tubing	  and	  flow	  cell	  windows.	  	  Samples	  can	  be	  clarified	  by	  filtration	  or	  centrifugation,	  
however	  both	  techniques	  have	  advantages	  and	  disadvantages.	  	  	  
Methods	  
Centrifugation	  
Spinning	  mixed	  samples	  at	  high	  speed	  in	  a	  centrifuge	  separates	  the	  mixture	  according	  to	  the	  
density	  of	  its	  constituents,	  which	  can	  remove	  the	  need	  for	  filtration	  by	  allowing	  the	  liquid	  
supernatant	  layer	  to	  be	  easily	  removed,	  leaving	  the	  denser	  particulates	  in	  the	  sample	  
container,	  however	  this	  may	  result	  in	  a	  sampling	  bias	  in	  favour	  of	  lower	  density	  compounds,	  
which	  may	  influence	  the	  discriminatory	  power	  of	  the	  method.	  	  This	  removes	  the	  opportunity	  
for	  contamination	  from	  filters	  or	  adsorption	  of	  compounds	  of	  interest,	  and	  reduces	  the	  cost	  of	  
consumables	  but	  adds	  time	  to	  the	  overall	  sample	  preparation,	  which	  represents	  a	  cost	  in	  the	  
form	  of	  analyst	  time.	  To	  evaluate	  the	  use	  of	  the	  centrifuge	  to	  clarify	  samples,	  HPLC	  Samples	  
were	  prepared	  as	  per	  section	  3.3.1.1	  from	  dry,	  well	  mixed	  soil	  from	  Location	  1,	  omitting	  the	  
filtration	  step,	  and	  analysed	  by	  HPLC	  Method	  A24	  (Table	  3.1).	  
Filtration	  
Filtering	  the	  sample	  through	  a	  suitable	  membrane	  will	  remove	  particulate	  matter	  of	  a	  given	  
size	  very	  quickly,	  however	  some	  dissolved	  compounds	  may	  become	  adsorbed	  to	  certain	  
membrane	  materials,	  preventing	  their	  detection.	  	  Furthermore,	  compounds	  present	  in	  the	  
filter	  may	  be	  dissolved	  by	  the	  constituents	  of	  the	  sample,	  for	  instance	  the	  solvent,	  and	  pass	  
through	  the	  membrane	  and	  into	  the	  sample,	  creating	  artefacts	  in	  the	  chromatogram.	  	  To	  verify	  
the	  absence	  of	  artefacts,	  and	  that	  compounds	  of	  potential	  interest	  are	  not	  retained	  by	  the	  
filter,	  the	  chromatography	  obtained	  from	  filtered	  samples,	  prepare	  as	  per	  section	  3.3.1.1	  and	  
analysed	  by	  HPLC	  Method	  A24,	  was	  compared	  with	  that	  obtained	  for	  unfiltered	  samples	  used	  
to	  verify	  the	  effectiveness	  of	  centrifugation.	  	  	  
Results	  and	  Discussion	  
Figure	  3.18	  shows	  that	  centrifugation	  of	  the	  samples	  resulted	  in	  visibly	  clear	  and	  particulate	  











Figure	  3.19	  shows	  there	  were	  no	  visible	  differences	  in	  the	  chromatography	  obtained	  using	  the	  
filters,	  indicating	  that	  there	  was	  no	  leaching	  of	  chemicals	  into	  the	  sample	  from	  the	  filter	  and	  















Figure	  3.19	  Chromatography	  obtained	  for	  samples	  centrifuged	  only	  (top)	  and	  
for	  filtered	  and	  centrifuged	  samples	  (bottom)	  
	  
	  
There	  were	  no	  differences	  observed	  in	  the	  chromatograms	  obtained	  for	  filtered	  and	  unfiltered	  
samples,	  	  and	  the	  sample	  solutions	  were	  free	  from	  visible	  particulates,	  therefore	  samples	  were	  
not	  filtered	  for	  the	  remaining	  method	  development	  experiments,	  however	  an	  increase	  in	  
system	  backpressure	  was	  observed,	  indicating	  that	  particulate	  matter	  was	  accumulating	  in	  the	  
system	  after	  multiple	  injections,	  therefore	  the	  filtration	  step	  was	  reintroduced	  to	  the	  method	  
and	  no	  further	  pressure	  issues	  were	  encountered.	  
3.3.3	  Sample	  Storage	  
It	  is	  essential	  to	  the	  correct	  interpretation	  of	  forensic	  evidence	  that	  the	  effect	  of	  the	  passage	  of	  
time	  on	  the	  outcome	  of	  forensic	  analyses	  is	  monitored,	  since	  certain	  types	  of	  sample	  may	  
become	  degraded	  beyond	  recognition,	  rendering	  meaningful	  comparisons	  useless,	  under	  
certain	  combinations	  of	  environmental	  conditions,	  for	  instance	  temperature,	  humidity	  and	  
packaging	  materials.	  	  There	  can	  be	  no	  control	  over	  the	  length	  of	  time	  taken	  to	  detect	  and	  fully	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Injection Date  : 11/25/2014 2:17:05 AM                Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\HPCHEM\1\METHODS\GM_MD8.M
Last changed    : 4/28/2014 11:21:09 PM by Georgia McCulloch
Analysis Method : C:\CHEM32\1\METHODS\GMPM.M
Last changed    : 3/24/2015 6:44:25 PM by Practical HPLC Tablets
                  (modified after loading)
=====================================================================
 
Column Description :  BDS Hypersil C18
Product#           :  79916BD-354       Batch#:   
Serial#            :  0641206D
Diameter           :  4.6 mm           Length :  100.0 mm
Particle size      :  3.0 µm      Void volume :   68.0 %
Maximum Pressure   :    0 bar      Maximum pH :      0
Maximum Temperature:    0 °C
Comment            : Ros 21/10/04








































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
 
Data File H:\UNI\ALL RAW DATA  FROM ABERDEEN\GM_MD\002-0201.D
Sample Name: RT 1
Instrument 1 3/24/2015 6:44:32 PM Practical HPLC Tablets Page 1 of 3
=====================================================================
Acq. Operator   : Georgia McCulloch              Seq. Line :   2
Acq. Instrument : Instrument 1                    Location : Vial 34
Injection Date  : 11/26/2014 2:31:51 AM                Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\HPCHEM\1\METHODS\GM_MD8.M
Last changed    : 4/28/2014 11:21:09 PM by Georgia McCulloch
Analysis Method : C:\CHEM32\1\METHODS\GMPM.M
Last changed    : 3/24/2015 3:16:27 PM by Practical HPLC Tablets
                  (modified after loading)
=====================================================================
 
Column Description :  BDS Hypersil C18
Product#           :  79916BD-354      Batch#:   
Serial#            0641206D
Diameter      :  4.6 mm           Length :  100.0 mm
Particle size      :  3.0 µm      Void volume :   68.0 %
Maximum Pressure   :    0 bar      Maximum pH :      0
Maximum Temperature:    0 °C
Comment            : Ros 21/10/04

























































































































































































































































































































































































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multipli r:                   :      1.0000
Dilution:                     :      1.0000
U e Multiplier & Dilution Factor with ISTDs
 
 
Data File H:\UNI\ALL RAW DATA  FROM ABERDEEN\GM_EA\034-0201.D
Sample Name: Filter 1
Instrument 1 3/24/2015 3:17:09 PM Practical HPLC Tablets Page 1 of 3
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investigate	  a	  crime,	  and	  cold	  case	  reviews	  have	  proven	  to	  be	  highly	  successful	  in	  solving	  
complex	  cases	  when	  new	  techniques	  are	  developed	  or	  new	  evidence	  is	  discovered,	  for	  
instance	  in	  miscarriages	  of	  justice,	  appeal	  cases	  or	  unsolved	  crimes.	  	  It	  may,	  therefore,	  be	  
necessary	  to	  store	  forensic	  evidence	  for	  decades	  in	  order	  to	  pursue	  justice	  to	  its	  limits,	  for	  
instance	  in	  complex	  cases	  and	  serious	  crimes.	  	  Storage	  conditions	  also	  directly	  influence	  the	  
cost	  of	  retaining	  evidence,	  and	  refrigeration	  or	  freezing	  of	  samples	  increases	  the	  cost	  of	  
storage	  considerably,	  therefore	  the	  effects	  of	  storing	  the	  samples	  under	  different	  storage	  
conditions	  must	  be	  investigated	  
3.3.3.1	  Solution	  Stability	  
In	  a	  regulated	  laboratory,	  it	  is	  sometimes	  necessary	  to	  re-­‐inject	  and	  re-­‐vial	  samples	  if	  
discrepancies	  or	  abnormalities	  are	  observed	  in	  the	  data,	  and	  since	  it	  may	  not	  be	  possible	  to	  
perform	  data	  processing	  and	  peer	  review	  immediately,	  several	  days	  may	  have	  elapsed	  
between	  initial	  sample	  preparation	  and	  repeat	  analysis.	  	  Determining	  the	  length	  of	  time	  a	  
prepared	  sample	  can	  be	  stored	  without	  significant	  changes	  to	  the	  chromatography	  is	  a	  
common	  stage	  in	  the	  method	  development	  and	  validation	  of	  organic	  analyses	  (152)	  and	  
becomes	  even	  more	  pertinent	  in	  forensic	  analyses	  where	  it	  is	  not	  always	  possible	  to	  freshly	  re-­‐
prepare	  a	  sample	  due	  to	  limited	  sample	  quantities.	  	  In	  order	  to	  assess	  the	  stability	  of	  sample	  
solutions	  stored	  under	  different	  conditions	  the	  following	  analyses	  were	  performed:	  
Methods	  
Fridge	  
Samples	  from	  points	  1A,	  2A,	  3A	  and	  4A,	  which	  were	  originally	  prepared	  using	  the	  method	  
described	  in	  section	  3.3.1.1	  	  and	  analysed	  by	  HPLC	  Method	  S8	  (Table	  3.1),	  were	  stored	  at	  2-­‐8°C	  
for	  seven	  days	  then	  passed	  through	  a	  0.22µm	  syringe	  filter	  into	  an	  HPLC	  vial	  containing	  a	  200µl	  
insert	  and	  re-­‐injected	  using	  the	  same	  HPLC	  parameters.	  
Freezer	  
Samples	  were	  prepared	  and	  analysed	  as	  described	  in	  section	  3.3.1.	  1	  After	  injection,	  the	  vials	  
were	  stored	  at	  -­‐20°C	  for	  14	  days	  then	  re-­‐injected	  using	  the	  same	  HPLC	  parameters	  (method	  
A24).	  
Results	  and	  Discussion	  
The	  results	  obtained	  after	  7	  days	  refrigeration	  are	  shown	  in	  figure	  3.20	  and	  summarised	  in	  




As	  discussed	  by	  McCulloch	  et	  al.	  (33)	  and	  shown	  in	  figure	  3.20,	  solutions	  were	  not	  stable	  in	  
solution	  when	  refrigerated	  for	  7	  days.	  	  Chromatograms	  of	  sample	  solutions	  from	  each	  location	  
showed	  qualitative	  changes	  upon	  storage,	  most	  notably	  through	  the	  appearance	  of	  additional	  
peaks	  with	  retention	  times	  around	  6	  min	  and	  12	  min,	  and	  changes	  in	  relative	  peak	  sizes.	  
Figure	  3.20:	  Solution	  stability	  for	  samples	  from	  each	  sample	  location	  after	  7	  
days	  refrigeration	  
	  
Quantitative	  changes	  were	  observed	  in	  sample	  solutions	  prepared	  from	  all	  locations	  after	  7	  
days	  refrigeration.	  	  Evidence	  of	  the	  formation	  of	  new	  compounds	  was	  observed	  through	  the	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presence	  of	  additional	  peaks	  in	  all	  solutions	  upon	  reanalysis	  after	  7	  days.	  	  The	  changes	  in	  the	  
peak	  areas	  detected	  in	  each	  sample	  indicate	  that	  the	  compositions	  of	  the	  samples	  are	  
substantially	  altered	  in	  solution	  and	  that	  these	  effects	  are	  not	  consistent	  across	  all	  sample	  
locations.	  	  Newly	  formed	  compounds	  accounted	  for	  18.8%,	  3.9%,	  16.9%	  and	  4.5%	  of	  the	  total	  
sample	  for	  samples	  1A,	  2A,	  3A	  and	  4A,	  respectively.	  	  The	  quantity	  of	  the	  compound	  eluting	  at	  
around	  16	  min	  did	  not	  change	  significantly	  with	  respect	  to	  the	  total	  chromatogram	  area,	  
however	  the	  relative	  change	  compared	  to	  the	  initial	  peak	  size	  was,	  again,	  substantial	  and	  
inconsistent	  across	  the	  sample	  locations.	  
Table	  3.2	  	  Quantitative	  differences	  for	  samples	  after	  7	  days	  refrigeration	  





	  RT	  ~	  	  6min	  
Area	  (µV.s)	  





Initial	   1A	   32	   1381333	   N/D	   N/D	   14160	  
(1.9%)	  








9.4	   105.5	   N/A	   N/A	   24.0	  
Initial	   2A	   48	   14788856	   N/D	   N/D	   144330	  
(1.0%)	  








2.1	   -­‐3.5	   N/A	   N/A	   -­‐26.8	  
Initial	   3A	   37	   2744890	   N/D	   N/D	   17551	  
(0.6%)	  








2.7	   9.0	   N/A	   N/A	   21.6	  
Initial	   4A	   47	   14930434	   N/D	   N/D	   285285	  
(1.9%)	  








14.9	   -­‐33.0	   N/A	   N/A	   -­‐38.2	  
	  
Values	  in	  parentheses	  indicate	  the	  contribution	  of	  the	  peak	  to	  the	  total	  chromatogram	  area	  
N/D=	  Not	  Detectable,	  N/A=	  Not	  Applicable.	  
All	  refrigerated	  samples	  exhibited	  both	  qualitative	  (Figure	  3.20)	  and	  quantitative	  (Table	  3.2)	  
changes	  after	  7	  days	  storage	  in	  solution	  at	  2-­‐8˚C.	  	  New	  peaks	  formed	  in	  all	  solutions,	  most	  
notably	  the	  large	  peaks	  at	  around	  6min	  and	  12min.	  	  Quantitative	  changes	  were	  observed	  in	  
the	  peak	  eluting	  at	  around	  16	  min.	  	  The	  magnitude	  and	  direction	  of	  this	  change	  varied	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between	  samples,	  indicating	  that	  each	  sample	  exhibited	  different	  solution	  chemistry	  leading	  to	  
different	  rates	  of	  formation	  and	  degradation	  of	  this	  peak.	  
Freezer	  	  
The	  profile	  of	  the	  frozen	  sample	  solution	  (Figure	  3.21)	  was	  almost	  completely	  unchanged	  after	  
two	  weeks	  with	  the	  exception	  of	  	  a	  shift	  in	  the	  retention	  time	  of	  a	  large	  peak	  at	  the	  end	  of	  the	  
chromatogram,	  possibly	  masking	  two	  smaller	  peaks.	  	  These	  results	  suggest	  that	  the	  solutions	  
are	  unstable	  under	  refrigeration	  but	  are	  largely	  stable	  for	  two	  weeks	  when	  stored	  at	  -­‐20˚C,	  
however	  further	  investigation	  of	  sample	  stability	  is	  recommended	  for	  future	  studies.	  
Figure	  3.21:	  	  Chromatograms	  obtained	  upon	  initial	  analysis	  (Blue)	  and	  after	  14	  
days	  storage	  in	  solution	  at	  -­‐20˚C	  (Red)	  
	  
3.3.3.2	  Storage	  Conditions	  
Heat	  is	  a	  key	  factor	  in	  reaction	  kinetics,	  hence	  many	  organic	  chemicals	  are	  vulnerable	  to	  heat	  
exposure,	  through	  evaporation	  or	  degradation	  by	  thermally	  mediated	  degradation	  
mechanisms.	  	  	  In	  order	  to	  compare	  the	  effect	  of	  storage	  at	  room	  on	  the	  chromatographic	  
profiles	  generated,	  HPLC	  samples	  were	  prepared	  from	  soil	  stored	  under	  different	  conditions.	  
Methods	  
Ambient	  
Approximately	  5g	  well-­‐mixed	  soil	  was	  added	  to	  a	  brown	  paper	  envelope	  and	  stored	  under	  
ambient	  conditions,	  in	  a	  sealed	  glass	  container	  but	  protected	  from	  light.	  	  Samples	  were	  
analysed	  by	  HPLC	  method	  A24	  after	  14	  days	  	  
Light	  Exposure	  
Approximately	  5g	  well-­‐mixed	  soil	  was	  added	  to	  a	  clear	  glass	  vial,	  and	  stored	  under	  ambient	  




Approximately	  5g	  well-­‐mixed	  soil	  was	  added	  to	  an	  LDPE	  bag	  and	  stored	  at	  approximately	  5˚C,	  
protected	  from	  light.	  	  Samples	  were	  analysed	  by	  HPLC	  method	  A24	  after	  14	  days.	  	  	  	  
Freezer	  
Approximately	  5g	  well-­‐mixed	  soil	  was	  added	  to	  an	  LDPE	  bag	  and	  stored	  at	  approximately	  -­‐
20˚C,	  protected	  from	  light.	  	  Samples	  were	  analysed	  by	  HPLC	  method	  A24	  after	  14	  days.	  	  	  
Results	  and	  Discussion	  
Figure	  3.22	  shows	  that	  each	  of	  the	  different	  storage	  conditions	  resulted	  in	  changes	  to	  the	  
chromatography,	  and	  each	  had	  different	  effects	  on	  the	  profiles	  therefore	  further	  investigation	  
of	  	  sample	  stability	  and	  optimum	  sample	  storage	  conditions	  is	  required.	  	  Care	  was	  taken	  to	  
store	  all	  samples	  consistently	  and	  analyse	  samples	  as	  soon	  as	  practically	  possible	  (no	  more	  
than	  72	  hours)	  after	  collection	  in	  all	  remaining	  experiments.	  	  In	  addition,	  artefacts	  with	  a	  
mould-­‐like	  appearance	  were	  observed	  to	  have	  contaminated	  the	  samples	  that	  were	  stored	  in	  
sealed	  glass	  containers,	  and	  erucamide,	  a	  plasticiser	  used	  in	  packaging	  materials,	  was	  observed	  
in	  the	  mass	  spectrum	  of	  soils	  stored	  in	  LDPE	  bags,	  which	  could	  cause	  interferences	  in	  any	  
future	  attempts	  to	  identify	  samples	  by	  LC-­‐MS	  therefore	  samples	  were	  stored	  in	  brown	  paper	  














Figure	  3.22	  Chromatograms	  obtained	  (from	  top	  to	  bottom)	  for	  a	  freshly	  
prepared	  sample,	  a	  frozen	  sample,	  a	  refrigerated	  sample,	  a	  sample	  stored	  at	  
ambient	  conditions	  protected	  from	  light,	  a	  sample	  stored	  at	  ambient	  conditions	  	  
	  
	  	   	  
	  	  	  	  	  	   	  
	  	   	  
	  	   	  
=====================================================================
Acq. Operator   : Georgia                        Seq. Line :   8
Acq. Instrument : Instrument 1                    Location : Vial 8
Injection Date  : 5/30/2013 9:58:08 PM                 Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MD4.M
Last changed    : 5/30/2013 1:53:44 PM by Olusheyi
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 6/15/2013 7:11:46 PM by Georgia
                  (modified after loading)




Column Description :  Apex II ODS
Product#           :                    Batch#:   
Serial#            :  2032809
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
M ximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  




































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
Data File D:\DATA\GM30MAY2013B\008-0801.D
Sample Name: MRes 4
Instrument 1 6/15/2013 7:11:55 PM Georgia Page 1 of 3
=====================================================================
Acq. Operator   : Georgia                        Seq. Line :  39
Acq. Instrument : Instrument 1                    Location : Vial 38
Injection Date  : 6/16/2013 6:46:09 PM                 Inj :   1
                                                Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 6/2/2013 6:22:29 PM by Georgia
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 11/30/2013 3:09:07 PM by Mariagiovanna
                  (modified after loading)




Column Description :  Apex II ODS
Product#        :               Batch#:   
Serial#            :  2032809
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  

























































































































































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
Data File D:\DATA\GM15JUN2013\038-3901.D
Sample Name: 4A t=14 Re-prep Freezer
Instrument 1 11/30/2013 6:47:59 PM Mariagiovanna Page 1 of 3
=====================================================================
Acq. Operator   : Georgia                        Seq. Line :  62
Acq. Instrument : Instrument 1                    Location : Vial 58
Injection Date : 6/18/2013 12:53:18 AM                Inj :   1
                                            Inj Volume : 50 µl
Acq. Method     : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 6/17/2013 2:29:08 PM by Georgia
Analysis Method : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 11/30/2013 3:09:07 PM by Mariagiovanna
                  (modified after loading)




Column Description :  Apex II ODS
Product#           :                    Batch#:   
Serial#            :  2032809
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  

















































































































































































































































































































































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000
Use Multiplier & Dilution Factor with ISTDs
 
Data F le D:\DATA\GM15JUN2013\058-6201.D
Sample Name: 4A t=14 Re-prep Fridge
Instrument 1 11/30/2013 9:07:10 PM Mariagiovanna Page 1 of 3
=====================================================================
Acq. Operator   : Georgia                        Seq. Line : 110
Acq. Instrument : Instrument 1                  Location : Vial 98
Injection Date  : 6/19/2013 6:49:38 AM                 Inj :   1
                                               Inj Volume : 50 µl
Sequence File   : C:\CHEM32\1\SEQUENCE\GM15JUN2013.S
Method          : C:\CHEM32\1\METHODS\GEORGIA_MD9.M
Last changed   : 6/17/2013 0:07:20 PM by Georgia




Column Description :  Apex II ODS
Product#           :                    Batch#:   
Serial#            :  2032809
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment            :  









































































































           Area Percent Report with Performance and Noise            
=====================================================================
 
Multiplier:                   :      1.0000
Dilution:                     :      1.0000




Sample Name: 4A t=14 Re-prep Cabinet
Instrument 1 6/19/2013 7:25:03 AM Georgia Page 1 of 3
=====================================================================
Acq. Operator  : Georgia                     Seq. Line :  83
Acq. Instrument : Instrument 1                    Location : Vial 78
Injection Date  : 6/18/2013 1:57:49 PM                 Inj :   1
                                                Inj Volume : 50 µl
Sequ ce File : C \CHEM32\1\SEQUENCE\GM15JUN2013.S
Method          : C:\CHEM32\1\METHODS\GEORGIA_MD8.M
Last changed    : 6/17/2013 2:29:08 PM by Georgia
M thod Info     : Amaka Phenolics (Giner et al 1993)
 
=====================================================================
Column Description :  Apex II ODS
Product#        :               Batch#:   
Serial#          :  2032809
Diameter           :  4.6 mm           Length :  150.0 mm
Particle size      :  5.0 µm      Void volume :   60.0 %
Maximum Pressure   :  400 bar      Maximum pH :      9
Maximum Temperature:   60 °C
Comment        :  
























































































































































































































































































































































































































































































































Sample Name: 4A t=14 Re-prep Bench
Instrument 1 6/18/2013 2:33:21 PM Georgia Page 1 of 5
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3.4	  	  Conclusions	  
It	  was	  not	  possible	  to	  obtain	  chromatographic	  separation	  using	  the	  HPLC	  parameters	  defined	  
by	  Bommarito	  et.	  al.	  (18)	  therefore	  all	  HPLC	  parameters	  were	  redefined	  to	  provide	  optimum	  
chromatography.	  	  C18	  column	  stationary	  phase	  provided	  the	  best	  chromatogrphic	  resolution,	  
while	  the	  use	  of	  gradient	  elution	  using	  acetonitrile	  and	  water	  allowed	  the	  analytical	  run	  time	  
to	  be	  reduced	  by	  65%	  and	  it	  was	  determined	  that	  no	  improvement	  to	  peak	  shape	  or	  resolution	  
was	  achieved	  with	  the	  addition	  of	  acid	  to	  the	  mobile	  phase.	  	  It	  was	  possible	  to	  improve	  the	  
sensitivity	  of	  the	  method	  by	  increasing	  the	  injection	  volume	  to	  50	  µl,	  while	  it	  was	  determined	  
that	  maintenance	  of	  the	  column	  temperature	  at	  30°C	  provided	  preferable	  resolution	  to	  
heating	  the	  column.	  	  The	  sample	  preparation	  technique	  was	  simplified	  as	  the	  method	  
development	  experiments	  showed	  there	  to	  be	  no	  benefit	  from	  drying	  the	  samples	  with	  
nitrogen	  or	  heat,	  and	  that	  the	  best	  method	  of	  extraction	  was	  sonication	  using	  acetonitrile	  as	  
the	  extraction	  solvent.	  	  Centrifuging	  the	  samples	  prior	  to	  a	  single	  filtration	  step	  was	  shown	  to	  
remove	  particulate	  matter	  effectively	  and	  prevent	  the	  problematic	  rise	  in	  instrument	  pressure	  
noted	  by	  Bommarito	  et.	  al	  (18)	  which	  negated	  the	  requirement	  for	  a	  guard	  column	  and	  
additional	  syringe	  filters.	  	  The	  sample	  composition	  was	  shown	  to	  be	  unstable	  upon	  storage	  in	  
solution,	  and	  sealed	  transluscent	  containers	  such	  as	  glass	  vials	  or	  LDPE	  bags,	  were	  noted	  to	  
cause	  the	  growth	  of	  mould-­‐like	  artefacts	  therefore	  breathable,	  opaque	  containers	  were	  
selected	  for	  use	  in	  the	  final	  method.	  
On	  the	  basis	  of	  the	  conclusions	  of	  the	  method	  development	  experiments,	  two	  different	  sets	  of	  
analytical	  methodology	  were	  selected	  for	  use	  in	  the	  experiments	  detailed	  following	  chapters,	  
which	  are	  specifiied	  in	  sections	  3.4.1	  and	  3.4.2.	  	  The	  first,	  	  preliminary	  method	  was	  used	  to	  
assess	  the	  feasibility	  of	  the	  use	  of	  HPLC	  and	  for	  comparison	  of	  the	  use	  of	  HPLC	  with	  QGSTA	  
(Chapters	  4	  and	  7)	  and	  the	  final	  method	  was	  the	  result	  of	  the	  later	  stages	  of	  method	  
development	  and	  was	  used	  for	  all	  other	  experiments	  (Chapters	  5,	  6	  and	  7)	  and	  these	  methods	  
are	  summarised	  in	  sections	  3.4.1	  and	  3.4.2.	  
3.4.1	  	  Preliminary	  Method	  
Samples	  were	  stored	  in	  LDPE	  	  bags	  at	  -­‐20°C	  which	  were	  removed	  from	  storage	  and	  allowed	  to	  
equilibrate	  to	  room	  temperature	  prior	  to	  analysis.	  	  Approximately	  250mg	  soil	  was	  weighed	  
into	  a	  polypropylene	  tube	  and	  500µl	  Acetonitrile	  was	  added	  by	  automatic	  pipette.	  	  The	  
samples	  were	  then	  mixed	  manually	  and	  sonicated	  for	  20	  min	  at	  ambient	  temperature.	  	  The	  
samples	  were	  centrifuged	  at	  13,000	  rpm	  for	  15	  min	  and	  the	  supernatant	  sample	  solution	  
passed	  through	  a	  0.22µm	  PTFE	  syringe	  filter	  into	  an	  HPLC	  vial	  containing	  a	  200µl	  insert	  for	  
analysis.	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50 µl	  of	  each	  sample	  was	  injected	  onto	  a	  Whatman	  Partasil	  10	  ODS	  analytical	  HPLC	  column	  
(10um	  particle	  size,	  C18	  packing	  material,	  column	  dimensions	  250	  x	  4.6mm)	  held	  at	  25°C,	  with	  
a	  DAD	  collecting	  UV-­‐Visible	  spectra	  from	  190-­‐800nm,	  monitoring	  at	  254nm	  and	  sample	  vials	  
were	  held	  at	  10°C	  during	  analysis.	  	  Samples	  were	  eluted	  at	  a	  flow	  rate	  of	  1ml/min	  with	  water	  
and	  acetonitrile	  using	  the	  gradient	  detailed	  in	  table	  3.3	  
Table	  3.3:	  	  HPLC	  Gradient	  for	  Initial	  Analysis	  
Time(minutes)	   %	  Water	   %Acetonitrile	  
0	   45	   55	  
5	   45	   55	  
35	   75	   25	  
38	   98	   2	  
40	   98	   2	  
45	   45	   55	  
50	   45	   55	  
This	  preliminary	  method	  was	  used	  for	  the	  Feasibility	  study	  (Chapter	  4)	  and	  comparison	  with	  
QGSTA	  (Chapter	  7)	  and	  by	  McCulloch	  et.	  al.	  (33)	  
3.4.2	  	  Final	  Method	  
Samples	  were	  stored	  in	  brown	  paper	  envelopes	  at	  ambient	  conditions	  and	  allowed	  to	  air	  dry	  
prior	  to	  analysis.	  	  Within	  72	  hours	  of	  sampling,	  approximately	  250mg	  soil	  was	  weighed	  into	  a	  
polypropylene	  tube	  and	  500µl	  acetonitrile	  was	  added	  by	  automatic	  pipette.	  	  The	  samples	  were	  
then	  mixed	  manually	  and	  sonicated	  for	  20	  min	  at	  ambient	  temperature.	  	  The	  samples	  were	  
centrifuged	  at	  13,000	  rpm	  for	  15	  min	  and	  the	  supernatant	  sample	  solution	  passed	  through	  a	  
0.22µm PTFE	  syringe	  filter into	  an	  HPLC	  vial	  containing	  a	  200µl	  insert	  for	  analysis.	  	  	  
50 µl	  of	  each	  sample	  was	  injected	  onto	  a	  Waters	  Xbridge	  HPLC	  column	  (3.5um	  particle	  size,	  
C18	  packing	  material,	  column	  dimensions	  100	  x	  4.6mm)	  held	  at	  30°C,	  with	  a	  DAD	  collecting	  
UV-­‐Visible	  spectra	  from	  190-­‐800nm,	  monitoring	  at	  254nm	  and	  sample	  vials	  were	  held	  at	  10°C	  
during	  analysis.	  	  Samples	  were	  eluted	  at	  a	  flow	  rate	  of	  1ml/min	  with	  water	  and	  acetonitrile	  
using	  the	  following	  gradient	  in	  table	  3.4:	  
Table	  3.4:	  	  HPLC	  Gradient	  for	  Final	  Analysis	  
Time(minutes)	   %	  Water	   %Acetonitrile	  
0.0	   53	   47	  
3.0	   45	   55	  
24.0	   26	   74	  
29.0	   2	   98	  
31.0	   2	   98	  
32.0	   53	   47	  




This	  final	  method	  was	  used	  for	  the	  selection	  of	  marker	  peak	  sets	  (Chapter	  5),	  the	  investigation	  
of	  seasonal	  and	  geographical	  variability	  (Chapter	  6),	  and	  the	  comparison	  with	  wax	  marker	  
profiling	  by	  GC	  (chapter	  7)	  (see	  also	  McCulloch	  et.	  al.	  (35)).
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4	  Feasibility	  Study	  
4.1	  Introduction	  
The	  purpose	  of	  this	  study	  was	  to	  evaluate	  the	  performance	  of	  a	  new	  HPLC	  technique	  following	  
redevelopment	  of	  some	  of	  the	  sample	  collection,	  preparation,	  analysis	  and	  interpretative	  
approaches,	  as	  described	  in	  Chapter	  3,	  in	  order	  to	  assess	  the	  feasibility	  of	  the	  use	  of	  HPLC	  for	  
soil	  analysis	  in	  a	  more	  forensically	  relevant	  context.	  	  The	  re-­‐developed	  method	  was	  intended	  
to	  be	  appropriate	  for	  comparing	  trace	  soil	  samples	  for	  the	  purposes	  of	  excluding	  crime	  scene,	  
alibi	  site	  and	  unknown	  samples.	  	  These	  contextual	  details	  are	  important,	  since	  the	  priorities	  in	  
civil	  or	  environmental	  forensic	  cases,	  those	  involving	  bulk	  samples	  and	  those	  which	  aim	  to	  
predict	  the	  geographic	  provenance	  of	  a	  sample	  are	  significantly	  different,	  as	  are	  the	  
considerations	  required	  for	  correct	  interpretation	  of	  the	  evidence	  (107,14,16).	  	  This	  study	  has	  
been	  presented	  by	  McCulloch	  et.	  al	  (33)	  and	  was	  designed	  to	  address	  whether	  it	  is	  possible	  to	  
distinguish	  groups	  of	  trace	  soil	  samples	  obtained	  from	  locations	  that	  are	  located	  in	  close	  
proximity	  to	  one	  another,	  and	  thus	  forensically	  relevant	  to	  a	  crime	  reconstruction,	  using	  a	  
practical,	  user	  friendly	  HPLC	  analysis.	  	  	  
4.2	  Methodology	  
Samples	  were	  collected	  from	  Brockwell	  Park,	  London,	  as	  described	  in	  section	  3.2.	  	  Each	  sample	  
was	  assigned	  an	  anonymous	  identification	  number	  by	  a	  second	  analyst	  in	  order	  to	  minimise	  
cognitive	  bias	  of	  the	  primary	  analyst	  during	  sample	  preparation	  and	  data	  analysis,	  the	  log	  cross	  
referencing	  identification	  numbers	  and	  their	  sample	  position	  was	  kept	  confidential	  throughout	  
sample	  preparation	  and	  initial	  data	  analysis.	  	  Since	  organic	  compounds	  can	  be	  thermally	  labile	  
and	  soil	  temperature	  is	  known	  to	  influence	  biological	  activity	  (4)	  (169),	  samples	  were	  stored	  in	  
LDPE	  	  bags	  at	  -­‐20°C	  in	  order	  to	  prevent	  changes	  to	  the	  organic	  composition	  of	  the	  samples	  
caused	  by	  micro-­‐organisms	  or	  thermal	  degradation.	  	  Anonymised	  samples	  were	  removed	  from	  
storage	  and	  allowed	  to	  equilibrate	  to	  room	  temperature	  prior	  to	  analysis.	  
This	  experiment	  was	  performed	  at	  an	  early	  stage	  in	  the	  project,	  to	  assess	  the	  feasibility	  of	  
HPLC	  profiling,	  therefore	  the	  method	  development	  experiments	  described	  in	  Chapter	  3	  were	  
only	  partially	  complete.	  	  As	  such,	  the	  methodology	  used	  in	  this	  experiment	  was	  an	  early	  
version	  of	  the	  method	  used	  in	  later	  experiments	  as	  outlined	  in	  chapter	  3	  (section	  3.4.1),	  and	  is	  
summarised	  below	  for	  clarity	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Approximately	  250mg	  soil	  was	  weighed	  into	  a	  polypropylene	  tube	  and	  500µl	  Acetonitrile	  was	  
added	  by	  automatic	  pipette.	  	  The	  samples	  were	  then	  mixed	  manually	  and	  sonicated	  for	  20	  min	  
at	  ambient	  temperature	  to	  extract	  the	  organic	  compounds	  from	  the	  soil	  matrix.	  	  In	  order	  to	  
remove	  suspended	  particulates,	  the	  samples	  were	  centrifuged	  at	  13,000	  rpm	  for	  15	  min	  and	  
the	  supernatant	  sample	  solution	  passed	  through	  a	  0.22µm	  PTFE	  syringe	  filter	  into	  an	  HPLC	  vial	  
containing	  a	  200µl	  insert	  for	  analysis.	  	  
50	  µl	  of	  each	  sample	  was	  injected	  onto	  a	  Shimadzu	  VP	  series	  HPLC	  system,	  which	  was	  
comprised	  of	  an	  SIL-­‐10AD	  autosampler	  with	  cooling	  tray,	  a	  FCV-­‐10AL	  solvent	  mixing	  system,	  a	  
DGU-­‐14A	  vacuum	  degasser,	  a	  SCL-­‐10A	  control	  unit,	  a	  SPD-­‐M10A	  diode	  array	  detector	  (DAD)	  
and	  a	  CTO-­‐10AS	  column	  oven.	  	  The	  column	  used	  was	  a	  Whatman	  Partasil	  10	  ODS	  analytical	  
column	  (10um	  particle	  size,	  C18	  packing	  material,	  column	  dimensions	  250	  x	  4.6mm)	  held	  at	  
25°C	  in	  order	  that	  fluctuations	  in	  ambient	  temperature	  did	  not	  affect	  reproducibility.	  	  The	  DAD	  
collected	  UV-­‐Vis	  spectra	  from	  190-­‐800nm	  with	  monitoring	  at	  254nm	  and	  sample	  vials	  were	  
held	  at	  10°C	  during	  analysis	  to	  minimise	  sample	  degradation	  during	  analysis.	  	  Gradient	  elution	  
was	  used	  in	  order	  to	  speed	  up	  elution	  of	  strongly	  retained	  compounds	  and	  improve	  the	  
practicality	  of	  the	  method,	  the	  gradient	  is	  detailed	  in	  Table	  4.1,	  below.	  	  	  UHQ	  water	  and	  HPLC	  
Gradient	  grade	  Acetonitrile	  were	  used	  and	  equipment	  was	  subject	  to	  a	  Good	  Clinical	  
Laboratory	  Practice	  maintenance	  schedule.	  
Table	  4.1:	  	  HPLC	  Gradient	  for	  Feasibility	  Analysis	  






















Samples	  were	  injected	  in	  a	  random	  order	  based	  on	  their	  identification	  number	  in	  order	  to	  
prevent	  any	  systematic	  instrumental	  bias.	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Data	  processing	  was	  performed	  by	  the	  Shimadzu	  LC	  Solution	  Data	  Analysis	  software	  package	  
and	  peaks	  were	  detected	  and	  identified	  on	  the	  basis	  of	  predetermined	  acceptance	  criteria	  to	  
ensure	  a	  consistent	  approach	  was	  used	  for	  all	  samples.	  	  The	  anonymised	  sample	  
chromatograms	  were	  then	  subject	  to	  visual	  assessment	  of	  the	  similarities	  and	  differences	  
between	  samples,	  in	  addition	  to	  Canonical	  Discriminant	  Function	  Analysis	  (CDFA)	  in	  SPSS.	  	  This	  
is	  a	  multivariate	  statistical	  analysis	  tool	  which	  uses	  linear	  combinations	  of	  the	  values	  for	  each	  
of	  the	  variables	  (chromatographic	  peaks)	  to	  maximise	  the	  differences	  between	  groups,	  then	  
provides	  scatter	  plots	  to	  enable	  the	  investigator	  to	  visualise	  the	  degree	  of	  difference	  between	  
the	  samples	  based	  on	  their	  scores	  for	  each	  function,	  and	  also	  generates	  data	  on	  the	  statistical	  
significance	  of	  the	  sample	  groupings,	  and	  the	  accuracy	  with	  which	  samples	  could	  be	  assigned	  
to	  groups	  based	  on	  the	  canonical	  functions.	  	  Further	  discussion	  of	  the	  data	  analysis	  approaches	  
used	  throughout	  the	  project	  is	  provided	  in	  Chapter	  5,	  however	  for	  this	  feasibility	  study,	  each	  














4.3	  Results	  	  
Four	  distinctive	  chromatographic	  profiles	  were	  observed	  upon	  systematic	  examination	  of	  the	  
chromatograms	  of	  anonymised	  samples,	  and	  examples	  of	  each	  type	  of	  profile	  are	  displayed	  in	  
figure	  4.1.	  	  
Figure	  4.1	  	  Visual	  comparison	  of	  chromatograms	  
	  
Combinations	  of	  characteristic	  baseline	  features	  and	  groups	  of	  peaks	  were	  common	  to	  
samples	  taken	  from	  the	  same	  location,	  which	  allowed	  samples	  to	  be	  grouped	  visually	  with	  
100%	  accuracy,	  and	  the	  features	  used	  for	  classification	  are	  shown	  in	  table	  4.2.	  









Major	  Peaks	  Present	  
	  
3-­‐5min	   17-­‐18min	   20-­‐21min	  
A	   5,	  8,	  14,	  18,	  
19	  
1E,	  1B,	  1D,	  
1C,	  1A	  
No	   No	   No	  
B	   1,	  2,	  4,	  9,	  10	   4E,	  4B,	  4D,	  
4A,	  4C	  
Yes	   Yes	   Yes	  
C	   6,	  7,	  9,	  13,	  
20	  
2D,	  2A,	  2C,	  
2B,	  2E	  
No	   Yes	   Yes	  
D	   3,	  11,	  15,	  
16,	  17	  
3C,	  3E,	  3A,	  
3B,	  3D	  




The	  results	  of	  the	  CDFA	  for	  the	  HPLC	  data	  determined	  three	  functions	  with	  which	  to	  categorise	  
the	  samples.	  	  The	  scores	  calculated	  for	  each	  sample	  for	  the	  first	  two	  canonical	  functions	  are	  
shown	  in	  the	  scatter	  plots	  in	  figure	  4.2	  
Figure	  4.2	  	  Canonical	  discriminant	  	  function	  analysis	  
	  
Figure	  4.2	  Scatter	  Plots	  showing	  the	  relative	  positioning	  of	  each	  sample	  on	  the	  basis	  of	  the	  
first	  (x-­‐axis)	  and	  second	  (y-­‐axis)	  canonical	  functions	  generated	  from	  the	  data.	  The	  scores	  for	  
the	  group	  centroids	  are	  indicated	  by	  a	  blue	  square.	  
Functions	  1,	  2	  and	  3	  explained	  89.5%,	  9.3%,	  and	  1.2%	  of	  the	  variance	  between	  the	  sample	  
groups,	  respectively	  and	  were	  significant	  at	  the	  99%	  confidence	  level	  (p=0.000).	  	  Again,	  100%	  
of	  samples	  were	  classified	  correctly	  with	  these	  functions.	  	  	  
4.4	  Discussion	  
4.4.1	  Visual	  Comparison	  
Systematic	  visual	  inspection	  of	  the	  samples’	  chromatographic	  profiles	  resulted	  in	  the	  correct	  
grouping	  of	  all	  samples	  (Figure	  4.1).	  	  The	  criteria	  used	  to	  assign	  samples	  to	  groups	  are	  detailed	  
in	  Table	  4.2.	  	  All	  samples	  at	  Location	  1	  could	  be	  easily	  distinguished	  from	  the	  remaining	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assignment	  was	  made	  with	  relative	  confidence.	  	  The	  number	  of	  peaks	  in	  the	  samples	  made	  
visual	  comparison	  more	  difficult	  for	  Locations	  2	  and	  4.	  This	  process	  was,	  naturally,	  highly	  
subjective;	  the	  definition	  of	  “major	  peaks”	  (Table	  4.2)	  was	  informed	  but	  technically	  arbitrary	  
and	  it	  was	  noted	  that,	  within	  Locations	  2,	  3,	  and	  4,	  some	  internal	  variability	  in	  terms	  of	  relative	  
peak	  height	  and	  shape	  were	  discernible.	  	  This	  subjective	  nature	  of	  this	  approach	  means	  that	  it	  
was	  not	  reasonable	  to	  apply	  any	  statistical	  treatments	  to	  the	  results	  in	  order	  to	  assess	  the	  
significance	  of	  the	  differences	  between	  the	  groups	  with	  respect	  to	  intra-­‐location	  variability.	  	  It	  
is,	  however,	  encouraging	  that	  classification	  of	  such	  complex	  data	  to	  such	  a	  high	  degree	  of	  
accuracy	  was	  possible,	  particularly	  in	  a	  blind	  trial.	  	  As	  with	  other	  techniques,	  such	  as	  
microscopy	  based	  analyses,	  which	  require	  detailed	  visual	  examination	  by	  an	  analyst,	  the	  
classification	  process	  was	  very	  time	  consuming,	  which	  would	  need	  to	  be	  taken	  into	  account	  
when	  considering	  the	  practicality	  of	  this	  approach	  for	  data	  analysis	  in	  routine	  forensic	  
analyses.	  	  	  In	  this	  study	  it	  took	  around	  two	  hours	  to	  compare	  the	  chromatograms,	  which	  
somewhat	  limits	  the	  practicality	  of	  this	  approach	  to	  data	  analysis	  for	  routine	  forensic	  analyses.	  
4.4.2	  CDFA	  
In	  order	  to	  enable	  quantitative	  assessment	  of	  the	  significance	  of	  the	  differences	  between	  the	  
sample	  groups,	  data	  were	  analysed	  using	  Statistical	  Package	  for	  the	  Social	  Sciences	  (SPSS)	  
version	  17.0.	  	  The	  height	  for	  each	  peak	  was	  used	  to	  classify	  samples	  using	  CDFA,	  which	  has	  
been	  reported	  previously	  in	  geo-­‐forensic	  literature	  for	  the	  analysis	  of	  similar	  geochemical	  data	  
(107).	  	  CDFA	  analysis	  correctly	  grouped	  the	  samples	  by	  location	  (100%)	  for	  all	  three	  variables.	  	  
The	  results	  of	  this	  analysis	  are	  displayed	  in	  Figure	  4.2	  and	  the	  results	  show	  that	  the	  
discrimination	  identified	  between	  the	  four	  locations	  was	  statistically	  significant	  at	  the	  99%	  
confidence	  level	  for	  each	  variable.	  	  
The	  CDFA	  plot	  (Figure	  4.2)	  shows	  that	  there	  is	  greater	  inter-­‐location	  variability	  in	  comparison	  
to	  the	  intra-­‐location	  variability	  using	  all	  the	  peaks	  as	  variables	  in	  the	  analysis,	  however	  some	  
locations	  were	  distinguished	  to	  greater	  degrees	  than	  others.	  Location	  2	  was	  distinct	  from	  all	  
other	  locations	  in	  having	  a	  greater	  degree	  of	  between-­‐samples	  variability,	  and	  therefore	  was	  
not	  as	  clearly	  excluded	  from	  the	  other	  locations,	  and	  Locations	  2	  and	  3	  were	  much	  more	  
similar	  to	  one	  another	  than	  the	  remaining	  groups.	  	  The	  greatest	  difference	  was	  between	  
Locations	  1	  and	  4,	  which	  were	  approximately	  equidistant	  to	  Location	  2,	  and	  Locations	  3	  and	  4	  
were	  marginally	  more	  similar	  than	  Locations	  1	  and	  3.	  
The	  most	  clear	  differences	  between	  the	  sites	  that	  could	  explain	  these	  differences	  were	  the	  
nature	  and	  extent	  of	  vegetative	  cover	  (Chapter	  3	  Figures	  3.2,	  3.3,	  3.4,	  3.5),	  the	  exposure	  of	  the	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site	  to	  sunlight	  and	  the	  pH	  and	  moisture	  content	  of	  the	  soils,	  however	  further	  investigation	  
would	  be	  required	  to	  determine	  the	  exact	  sources	  of	  the	  similarities	  and	  differences	  observed.	  
4.5	  Conclusions	  
The	  results	  of	  this	  study	  are	  extremely	  promising	  due	  to	  the	  high	  level	  of	  accuracy	  with	  which	  
samples	  were	  discriminated	  and	  the	  improvements	  to	  the	  methodology.	  	  For	  the	  first	  time,	  it	  
has	  been	  demonstrated	  that	  it	  is	  possible	  to	  discriminate	  between	  soil	  samples	  taken	  from	  
different	  locations	  within	  the	  same	  broad	  geographic	  site	  by	  HPLC	  with	  high	  levels	  of	  accuracy,	  
which	  are	  essential	  to	  the	  evidential	  value	  of	  a	  technique	  for	  forensic	  applications.	  	  These	  
results	  represent	  significant	  improvements	  in	  both	  the	  accuracy	  and	  spatial	  precision	  
presented	  in	  previous	  studies	  involving	  the	  use	  of	  HPLC	  for	  the	  comparison	  of	  forensic	  soil	  
samples;	  the	  spatial	  variability	  in	  the	  locations	  chosen	  for	  this	  study	  was	  considered	  to	  be	  
more	  representative	  of	  geoforensic	  casework	  and	  none	  of	  the	  previous	  studies	  documented	  in	  
the	  published	  literature	  have	  been	  able	  to	  successfully	  differentiate	  between	  all	  sample	  
locations.	  	  	  The	  findings	  from	  this	  study	  indicate	  that	  it	  is	  possible	  that,	  with	  careful	  
interpretation	  of	  results,	  HPLC	  could	  indeed	  be	  used	  in	  crime	  reconstruction	  at	  the	  level	  of	  
excluding	  specific	  locations	  within	  a	  crime	  scene,	  for	  instance	  entrance	  and	  exit	  points	  or	  the	  
route	  travelled	  between	  points..	  	  	  
Furthermore,	  the	  practicability	  of	  the	  HPLC	  method	  has	  been	  improved	  greatly	  by	  successfully	  
simplifying	  the	  sample	  preparation,	  reducing	  the	  sample	  preparation	  time	  by	  a	  minimum	  of	  
two	  hours	  per	  sample	  and	  reducing	  the	  run	  time	  by	  50%,	  compared	  to	  the	  most	  recently	  
reported	  study	  in	  the	  literature	  (18).	  	  The	  benefits	  of	  these	  methodological	  improvements	  
should	  not	  be	  underestimated	  as	  the	  resulting	  financial	  savings	  and	  increased	  productivity	  
increases	  the	  potential	  impact	  of	  this	  research	  in	  the	  wider	  forensic	  community.	  	  In	  light	  of	  the	  
transition	  to	  the	  provision	  of	  forensic	  services	  by	  commercial	  organisations	  in	  the	  UK,	  
techniques	  that	  require	  equipment	  or	  skills	  that	  are	  not	  available	  in	  standard	  analytical	  
laboratories,	  or	  are	  particularly	  costly,	  will	  be	  of	  little	  use	  in	  routine	  analyses.	  	  Likewise,	  high	  
analysis	  costs	  limit	  the	  extent	  of	  research	  and	  development	  that	  can	  be	  performed	  in	  an	  
academic	  environment.	  
While	  visual	  assessment	  of	  anonymised	  samples	  was	  shown	  to	  correctly	  assign	  samples	  to	  
their	  location	  group	  for	  all	  of	  the	  samples	  in	  this	  study,	  it	  will	  be	  necessary	  to	  formalise	  the	  
process	  of	  comparing	  chromatograms	  to	  prevent	  subjective	  interpretation	  of	  the	  results	  and	  
address	  the	  limitations	  of	  visual	  comparison	  discussed	  in	  section	  4.4.1.	  	  Further	  exploratory	  
data	  analysis	  is	  required	  in	  order	  to	  select	  the	  most	  useful	  and	  discriminatory	  chromatographic	  
108	  
	  
features	  in	  order	  to	  remove	  the	  need	  to	  classify	  the	  samples	  by	  visual	  examination	  of	  the	  
chromatograms.	  	  In	  particular,	  identification	  of	  the	  peaks	  that	  are	  most	  consistent	  within	  
groups	  and	  most	  different	  between	  groups	  would	  be	  beneficial	  in	  order	  to	  reduce	  the	  number	  
of	  peaks	  used	  in	  the	  comparison	  of	  samples,	  which	  would	  in	  turn	  make	  any	  visual	  assessment	  
easier	  and	  less	  time	  consuming,	  and	  would	  also	  improve	  the	  speed	  at	  which	  sample	  data	  could	  
be	  prepared	  for	  CDFA.	  
Further	  empirical	  studies	  will	  be	  required	  in	  order	  to	  ascertain	  the	  spatial	  ranges	  within	  which	  
soil	  chromatographic	  profiles	  exhibit	  homogeneity	  and	  define	  the	  exact	  precision	  limits	  for	  
successful	  discrimination	  of	  soil	  locations	  by	  HPLC.	  	  In	  order	  for	  correct	  comparisons	  to	  be	  
made	  between	  samples	  of	  known	  and	  unknown	  provenance,	  it	  will	  also	  be	  necessary	  to	  
examine	  how	  the	  chromatography	  changes	  over	  time,	  in	  response	  to	  various	  environmental	  
conditions	  and	  how	  well	  it	  is	  preserved	  in	  and	  recovered	  from	  various	  different	  substrates	  or	  
matrices.	  	  It	  will	  also	  be	  necessary	  to	  demonstrate	  the	  ability	  to	  successfully	  discriminate	  
locations	  within	  a	  range	  of	  different	  sites	  to	  ensure	  the	  validity	  of	  the	  use	  of	  the	  technique	  in	  a	  
wider	  variety	  of	  crime	  scenarios.	  	  	  Nevertheless,	  the	  results	  of	  this	  preliminary	  study	  indicate	  
that	  HPLC	  analysis	  is	  indeed	  a	  feasible	  and	  effective	  way	  of	  accurately	  comparing	  forensic	  soil	  
samples.	  
It	  was	  demonstrated	  that	  HPLC	  is	  applicable	  to	  the	  analysis	  of	  soil	  samples	  that	  are	  taken	  from	  
forensically	  relevant	  sample	  points,	  with	  respect	  to	  both	  the	  precision	  in	  discriminating	  
geologically	  similar	  locations	  within	  a	  small	  spatial	  scale	  and	  the	  amount	  of	  sample	  required.	  	  
HPLC	  has,	  therefore,	  been	  shown	  to	  offer	  enormous	  potential	  to	  add	  to	  the	  suite	  of	  
geoforensic	  techniques	  currently	  used	  to	  assist	  the	  investigation	  and	  detection	  of	  crimes,	  and	  
is	  particularly	  beneficial	  since	  it	  expands	  the	  range	  of	  organic	  analyses	  available,	  which	  
provides	  an	  independent	  form	  of	  analysis	  to	  complement	  other	  methods	  of	  physical	  analysis	  of	  
soil	  or	  sediment	  samples.
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5.	  Data	  Analysis	  Development	  
5.1	  	  Introduction	  
The	  research	  outlined	  in	  chapter	  3	  has	  addressed	  the	  practical	  problems	  of	  previous	  research,	  
by	  reducing	  the	  sample	  amount	  and	  simplifying	  the	  analytical	  procedure,	  while	  the	  research	  
into	  the	  feasibility	  of	  using	  HPLC	  for	  geoforensic	  analysis	  discussed	  in	  chapter	  4	  demonstrated	  
that	  the	  new	  technique	  offers	  excellent	  discrimination	  at	  a	  spatial	  scale	  of	  relevance	  in	  a	  
forensic	  context,	  on	  soils,	  positioned	  at	  close-­‐proximity	  locations	  for	  instance	  the	  entrance	  and	  
exit	  locations	  of	  a	  crime	  scene	  and	  a	  possible	  alibi	  sites.	  	  The	  newly	  developed	  method	  was	  
found	  to	  be	  appropriate	  for	  comparing	  trace	  soil	  samples	  for	  the	  purposes	  of	  excluding	  crime	  
scene,	  alibi	  site	  and	  unknown	  samples	  in	  criminal	  cases	  and	  these	  contextual	  details	  are	  
important,	  since	  they	  affect	  the	  considerations	  required	  for	  correct	  interpretation	  of	  the	  
evidence.	  	  	  Interpretation	  of	  forensic	  evidence	  is	  a	  pertinent	  issue	  that	  remains	  to	  be	  fully	  
addressed	  by	  forensic	  science	  researchers,	  despite	  significant	  improvements	  in	  technical	  
capabilities	  resulting	  in	  ever	  more	  complex	  data	  sets.	  	  There	  is	  still	  a	  significant	  need	  for	  
published	  research	  that	  assists	  investigators	  in	  correctly	  analysing	  their	  data	  to	  draw	  the	  
correct	  conclusions	  from	  their	  results,	  with	  an	  appropriate	  consideration	  of	  the	  statistical	  
significance	  of	  any	  evidence	  presented	  in	  court,	  since	  	  “physical	  evidence	  cannot	  be	  wrong;	  it	  
cannot	  perjure	  itself…..only	  in	  its	  interpretation	  can	  there	  be	  error”	  (Kirk,	  1974:	  p4)	  (40)	  
Due	  to	  the	  complexity	  of	  the	  structure	  and	  composition	  of	  geoforensic	  materials,	  which	  
provides	  multiple	  criteria	  for	  comparison,	  there	  are	  a	  number	  of	  different	  ways	  in	  which	  
geoforensic	  trace	  evidence	  can	  be	  described	  and	  classified	  (7,8),	  and	  it	  is	  essential	  that	  the	  
complex	  data	  sets	  obtained	  from	  testing	  geoforensic	  evidence	  are	  analysed	  and	  interpreted	  
correctly.	  	  In	  the	  feasibility	  study	  outlined	  in	  Chapter	  4,	  a	  great	  many	  analytes	  were	  detected	  in	  
the	  soils	  tested,	  which	  poses	  a	  significant	  barrier	  to	  implementation	  of	  the	  technique	  outside	  
of	  academia	  as	  the	  required	  data	  analysis	  was	  too	  labour-­‐intensive	  to	  be	  considered	  practical	  
for	  routine	  analyses	  or	  large	  numbers	  of	  samples.	  	  	  The	  aim	  of	  the	  work	  described	  in	  this	  
chapter	  was	  to	  select	  a	  significantly	  reduced	  number	  of	  useful	  target	  analytes	  for	  multivariate	  
statistical	  analysis,	  in	  order	  to	  provide	  the	  same	  level	  of	  discrimination	  between	  sites	  offered	  
by	  the	  existing	  method,	  but	  with	  a	  much	  more	  easily	  practicable	  data	  analysis	  method,	  	  
allowing	  the	  use	  of	  HPLC	  as	  a	  profiling	  tool	  for	  geoforensic	  samples	  in	  routine	  casework.	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5.2	  	  Methodology	  
All	  sites	  were	  well-­‐established	  municipal	  parkland,	  intended	  and	  maintained	  for	  public	  
recreational	  use	  by	  the	  local	  authority.	  	  Three	  sites	  in	  the	  UK	  were	  selected,	  Brockwell	  Park	  in	  
London,	  Lochend	  Park	  in	  Edinburgh,	  Craigiebuckler	  Estate	  in	  Aberdeen,	  in	  addition	  to	  one	  site	  
in	  the	  USA,	  Central	  Park	  in	  New	  York	  City.	  	  The	  three	  additional	  sites	  were	  chosen	  for	  
comparability	  with	  the	  Brockwell	  Park	  site	  in	  London	  used	  in	  the	  method	  development	  and	  
feasibility	  study,	  and	  each	  of	  the	  additional	  sites	  contained	  areas	  of	  similar	  land	  use	  to	  the	  four	  
locations	  used	  in	  the	  previous	  chapters	  and	  described	  in	  table	  5.1	  eg.	  woodland,	  managed	  
grassland,	  unmanaged	  land	  and	  an	  area	  adjacent	  to	  fresh	  water.	  Within	  each	  site,	  the	  sample	  
locations	  were	  chosen	  that	  represent	  both	  potential	  alibi	  sites	  and	  potential	  crime	  scenes	  such	  
as	  recreational	  areas	  where	  a	  person	  could	  legitimately	  come	  into	  contact	  with	  earth	  
materials,	  or	  secluded	  spaces	  and	  thoroughfares,	  which	  could	  provide	  opportunities	  for	  crimes	  
to	  be	  committed.	  	  
Table	  5.1:	  	  Visible	  	  and	  Land	  Use	  Characteristics	  of	  Sample	  Locations	  
Location	   Description	  
1:	  Managed	  Grassland	   A	  flat	  area	  of	  well-­‐maintained,	  cut	  grass	  used	  
for	  exercise	  and	  sporting	  activities.	  
2:	  	  Adjacent	  to	  Fresh	  Water	   A	  flat	  area	  of	  miscellaneous	  wild	  vegetation,	  
immediately	  adjacent	  to	  a	  fresh-­‐water	  pond,	  
housing	  various	  water	  fowl,	  and	  with	  
restricted	  pedestrian	  access	  
3:	  	  Unmanaged	  Land	   A	  natural	  footpath	  through	  a	  sloping	  area	  of	  
miscellaneous	  wild	  vegetation,	  such	  as	  wild	  
flowers	  and	  grasses.	  
4:	  	  Woodland	   A	  natural	  footpath	  through	  a	  flat	  area	  of	  
bare	  earth	  with	  a	  dense	  canopy	  of	  primarily	  
deciduous	  trees,	  shrubs	  and	  localised	  leaf	  
litter,	  immediately	  adjacent	  to	  a	  residential	  
area	  and	  used	  as	  a	  thoroughfare	  to	  the	  park	  
entrance.	  
	  
The	  descriptors	  detailed	  in	  table	  5.1	  were	  applicable	  to	  each	  location,	  at	  each	  site,	  and	  






Figure	  5.1	  shows	  an	  overview	  of	  the	  vegetation	  and	  land	  use	  at	  each	  of	  the	  four	  sampling	  
locations	  at	  the	  Brockwell	  Park	  site	  in	  London.	  
Figure	  5.1:	  	   	  Sampling	  locations	  within	  Brockwell	  Park	  ,	  London	  	  
	  
Figure	  5.1	  Clockwise	  from	  top	  left:	  
Location	  1	  (managed	  grassland),	  Location	  
2	  (adjacent	  to	  fresh	  water),	  Location	  3	  
(unmanaged	  vegetation),	  Location	  4	  
(woodland).
Figure	  5.2	  presents	  an	  overview	  of	  the	  vegetation	  and	  land	  use	  at	  each	  of	  the	  four	  sampling	  
locations	  at	  the	  Central	  Park	  site	  in	  New	  York	  City.	  
Figure	  5.2:	  	   	  Sampling	  locations	  within	  Central	  Park,	  New	  York	  City.	  
	  
Figure	  5.2	  Clockwise	  from	  top	  left:	  
Location	  1	  (managed	  grassland),	  Location	  
2	  (adjacent	  to	  fresh	  water),	  Location	  3	  






Figure	  5.3	  illustrates	  a	  generalised	  view	  of	  the	  vegetation	  and	  land	  use	  at	  each	  of	  the	  four	  
sampling	  locations	  at	  the	  Craigiebuckler	  Estate	  in	  Aberdeen	  	  
Figure	  5.3:	  	   	  Sampling	  locations	  within	  Craigiebuckler	  Estate,	  Aberdeen	  
	  
Figure	  5.3	  Clockwise	  from	  top	  left:	  
Location	  1	  (managed	  grassland)	  Location	  2	  
(adjacent	  to	  fresh	  water),	  	  Location	  3	  
(unmanaged	  vegetation),	  Location	  4	  
(woodland)
Figure	  5.4	  presents	  the	  general	  perspective	  of	  the	  planting	  and	  land	  use	  at	  each	  of	  the	  four	  
sampling	  locations	  at	  the	  Lochend	  Park	  in	  Edinburgh	  	  
Figure	  5.4:	  	   	  Sampling	  locations	  within	  Lochend	  Park,	  Edinburgh
	  
Figure	  5.4	  Clockwise	  from	  top	  left:	  
Location	  1	  (managed	  grassland),	  Location	  
2	  (adjacent	  to	  fresh	  water),	  Location	  3	  





5.2.1	  	  Sample	  Collection	  and	  Preparation	  
At	  each	  of	  these	  locations,	  samples	  were	  taken	  from	  areas	  of	  exposed	  soil,	  which	  were	  
deemed	  to	  be	  easily	  transferable	  and	  therefore	  forensically	  relevant.	  Five	  samples	  were	  
collected	  from	  each	  location	  in	  order	  to	  assess	  intra-­‐location	  variability,	  using	  the	  grid	  
suggested	  for	  sampling	  footprints	  and	  tyre	  tracks	  by	  Pye	  (91),	  as	  outlined	  by	  McCulloch	  et	  al.	  
(33)	  (34)	  (35).	  	  In	  accordance	  with	  Simmons	  (168),	  samples	  were	  gathered	  using	  a	  stainless	  
steel	  spatula,	  removing	  any	  turf	  or	  gravel,	  where	  present.	  	  Approximately	  five	  grams	  of	  topsoil	  
(<1cm	  depth)	  was	  collected	  at	  the	  corners	  and	  central	  point	  of	  a	  1m	  square	  grid.	  	  
250mg	  of	  dry	  soil	  was	  added	  to	  a	  1.5ml	  sterile,	  DNA	  free,	  polypropylene	  centrifuge	  tube	  and	  
0.5ml	  gradient	  grade	  acetonitrile	  was	  added	  by	  pipette.	  	  The	  tubes	  were	  placed	  in	  a	  sonic	  bath	  
for	  20min	  then	  centrifuged	  for	  15	  min	  at	  13,000rpm.	  	  The	  supernatant	  was	  then	  passed	  
through	  a	  0.22μm	  PTFE	  syringe	  filter	  into	  an	  HPLC	  vial.	  
The	  samples	  discussed	  in	  this	  chapter	  were	  sampled	  at	  different	  times	  and	  locations	  to	  ensure	  
that	  the	  marker	  peaks	  selected	  were	  representative	  of	  soil	  profiles	  at	  different	  times	  of	  year	  
and	  across	  regions	  of	  varying	  geographies,	  discussed	  further	  in	  Chapter	  6.	  	  	  
The	  initial	  data	  analysis	  approaches	  presented	  here	  used	  the	  results	  generated	  from	  the	  
feasibility	  study	  conducted	  in	  London	  and	  an	  early	  iteration	  of	  the	  HPLC	  parameters,	  (Chapter	  
3	  section	  3.4.1),	  while	  the	  later	  strategies	  used	  in	  this	  chapter	  were	  applied	  to	  samples	  
collected	  across	  all	  four	  sites	  and	  the	  final	  version	  of	  the	  HPLC	  method	  (Chapter	  3	  section	  
3.4.2).	  
	  
5.2.1.1	  	  Initial	  Instrument	  Parameters	  
The	  initial	  data	  analysis	  approaches	  presented	  here	  used	  the	  results	  generated	  from	  the	  
feasibility	  study	  (Chapter	  4)	  conducted	  in	  London	  and	  an	  early	  iteration	  of	  the	  HPLC	  
parameters.	  	  50	  µl	  of	  each	  sample	  was	  injected	  onto	  a	  Shimadzu	  VP	  series	  HPLC	  system,	  which	  
was	  comprised	  of	  an	  SIL-­‐10AD	  autosampler	  with	  cooling	  tray,	  a	  FCV-­‐10AL	  solvent	  mixing	  
system,	  a	  DGU-­‐14A	  vacuum	  degasser,	  a	  SCL-­‐10A	  control	  unit,	  a	  SPD-­‐M10A	  diode	  array	  
detector	  (DAD)	  and	  a	  CTO-­‐10AS	  column	  oven.	  	  The	  column	  used	  was	  a	  Whatman	  Partasil	  10	  
ODS	  analytical	  column	  (10um	  particle	  size,	  C18	  packing	  material,	  column	  dimensions	  250	  x	  
4.6mm)	  held	  at	  25°C	  in	  order	  that	  fluctuations	  in	  ambient	  temperature	  did	  not	  affect	  
reproducibility.	  	  The	  DAD	  collected	  UV-­‐Vis	  spectra	  from	  190-­‐800nm	  with	  monitoring	  at	  254nm	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and	  sample	  vials	  were	  held	  at	  10°C	  during	  analysis	  to	  minimise	  sample	  degradation	  during	  
analysis.	  	  Gradient	  elution	  was	  used	  in	  order	  to	  speed	  up	  elution	  of	  strongly	  retained	  
compounds	  and	  improve	  the	  practicality	  of	  the	  method,	  the	  gradient	  is	  detailed	  in	  Table	  5.2,	  
below.	  	  	  UHQ	  water	  and	  HPLC	  Gradient	  grade	  Acetonitrile	  were	  used	  and	  equipment	  was	  
subject	  to	  a	  Good	  Clinical	  Laboratory	  Practice	  maintenance	  schedule.	  
	  
Table	  5.2:	  	  HPLC	  Gradient	  for	  Initial	  Analysis	  























Samples	  were	  injected	  in	  a	  random	  order	  based	  on	  their	  identification	  number	  in	  order	  to	  
prevent	  any	  systematic	  instrumental	  bias.	  	  Integration	  of	  the	  chromatograms	  was	  performed	  
by	  the	  Shimadzu	  LC	  Solution	  Data	  Analysis	  software	  package,	  and	  peaks	  were	  detected	  and	  
identified	  on	  the	  basis	  of	  predetermined	  acceptance	  criteria	  to	  ensure	  a	  consistent	  approach	  
was	  used	  for	  all	  samples.	  
5.2.1.2	  	  Final	  Instrument	  Parameters	  
A	  series	  of	  method	  development	  experiments	  (See	  Chapter	  3)	  were	  first	  performed	  on	  the	  
HPLC	  method	  used	  in	  previous	  studies	  to	  yield	  useful,	  discriminatory	  profiles.	  From	  these	  
experiments,	  the	  optimum	  column,	  mobile	  phase	  and	  gradient	  parameters	  required	  to	  
maximise	  the	  number	  of	  peaks	  detected	  per	  run	  and	  to	  reduce	  the	  overall	  sample	  analysis	  
time	  were	  determined.	  	  Table	  5.3	  details	  the	  instrument	  parameters	  selected	  for	  use	  following	  
the	  method	  development	  experiments.	  	  Samples	  were	  injected	  onto	  an	  Agilent	  1100	  HPLC	  
system	  with	  DAD	  detector,	  using	  UHQ	  water	  as	  mobile	  phase	  A	  and	  gradient	  grade	  acetonitrile	  







Table	  5.3:	  	   	  Final	  HPLC	  Parameters	  
Injection	  volume	   50μl	  
Column	   Waters	  Xbridge	  C18,	  3.5um,	  150x4.6mm	  at	  
30	  oC	  




0.0	   53	   47	  
3.0	   45	   55	  
24.0	   26	   74	  
29.0	   2	   98	  
31.0	   2	   98	  
32.0	   53	   47	  
35.0	   53	   47	  
	  
Flow	  Rate	   1ml/min	  
Detector	  Settings	   254nm,	  bandwidth	  4nm,	  peak	  width	  >0.1min	  
	  
5.2.2	  Data	  Analysis	  
The	  methods	  used	  to	  analyse	  the	  data	  are	  provided	  in	  section	  5.2.2.1	  for	  visual	  comparison	  
and	  in	  section	  5.2.2.2	  for	  the	  statistical	  analysis.	  
5.2.2.1	  Visual	  Comparison	  
The	  previously	  reported	  studies	  (18)	  (31)	  (30)	  into	  the	  use	  of	  HPLC	  as	  a	  tool	  for	  forensic	  
geoscience	  have	  utilised	  visual	  inspection	  as	  the	  primary	  approach	  to	  data	  analysis,	  therefore	  
visual	  analysis	  strategy	  was	  implemented	  as	  the	  initial	  strategy	  for	  this	  research.	  
Visual	  Comparison	  of	  Chromatograms	  
HPLC	  data	  is	  typically	  assessed	  by	  visual	  examination	  of	  the	  chromatography,	  and	  it	  is	  often	  
fairly	  easy	  to	  identify	  groups	  of	  samples	  by	  overlaying	  the	  data	  from	  all	  samples	  on	  the	  same	  
chromatogram.	  	  	  The	  initial	  data	  analysis	  technique	  was,	  therefore,	  a	  simple	  visual	  comparison	  
of	  the	  sample	  chromatograms,	  to	  look	  for	  distinctive	  features	  in	  the	  chromatography	  and	  
attempt	  to	  classify	  the	  anonymised	  samples	  based	  on	  these	  features.	  
The	  initial	  data	  set	  was	  then	  subject	  to	  further,	  more	  detailed	  visual	  examination	  to	  attempt	  to	  
identify	  which	  peaks,	  if	  any,	  were	  potentially	  useful	  markers	  for	  comparing	  the	  groups	  of	  
samples.	  
Visual	  Comparison	  of	  Retention	  Times	  only	  
Since	  pre-­‐	  syn-­‐	  and	  post-­‐	  forensic	  event	  mixing	  and	  sample	  degradation	  can	  affect	  relative	  
peak	  heights,	  it	  would	  be	  ideal	  if	  soil	  obtained	  from	  known	  locations	  could	  be	  grouped	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together	  solely	  on	  the	  basis	  of	  shared	  peaks,	  identified	  by	  their	  retention	  time,	  and	  that	  the	  
sets	  of	  peaks	  present	  in	  each	  group	  were	  distinct	  from	  one	  another.	  	  All	  peaks	  above	  the	  limit	  
of	  detection	  (LOD),	  which	  was	  set	  at	  a	  minimum	  peak	  signal:	  noise	  ratio	  of	  3:1,	  were	  therefore	  
plotted	  (Figure	  5.6)	  for	  each	  sample	  in	  the	  initial	  data	  set	  in	  an	  effort	  to	  compare	  samples	  
based	  solely	  on	  the	  presence	  and	  absence	  of	  peaks.	  
Visual	  Comparison	  of	  Peak	  Heights	  and	  Retention	  Times	  
Early	  research	  into	  HPLC	  profiling	  of	  soils	  achieved	  some	  success	  in	  discriminating	  different	  
sites	  using	  quantitative	  differences	  between	  the	  chromatograms,	  based	  not	  only	  on	  the	  
retention	  times	  of	  the	  peaks,	  but	  also	  the	  relative	  sizes	  of	  the	  peaks,	  (18)	  (30)	  (32)	  (31)	  
therefore	  this	  approach	  to	  data	  analysis	  was	  also	  used	  on	  the	  data	  generated	  in	  the	  feasibility	  
study.	  	  	  It	  was	  not	  possible	  to	  overlay	  the	  chromatograms	  generated	  using	  the	  chromatography	  
data	  system	  available	  at	  the	  time	  of	  the	  initial	  analyses,	  therefore	  the	  retention	  time	  and	  
height	  of	  the	  apexes	  of	  all	  peaks	  above	  the	  LOD	  were	  plotted	  for	  the	  anonymised,	  initial	  
sample	  set	  (Figure	  5.7)	  using	  Microsoft	  Excel.	  	  The	  height	  of	  each	  peak	  was	  first	  adjusted	  to	  
account	  for	  differences	  in	  sample	  concentration	  then	  the	  plot	  was	  examined	  for	  the	  presence	  
of	  location-­‐indicating	  peak	  clusters	  or	  peak	  profiles	  that	  were	  consistent	  within	  a	  particular	  
group,	  and	  consistently	  different	  between	  groups.	  	  	  
5.2.2.2	  Statistical	  Analysis	  
The	  visual	  classification	  process	  was	  naturally	  subjective	  and	  very	  time	  consuming	  due	  to	  the	  
nature	  of	  the	  complexity	  of	  the	  data.	  	  In	  order	  to	  help	  reduce	  the	  subjectivity	  and	  the	  potential	  
risk	  of	  cognitive	  bias	  during	  data	  analysis,	  and	  to	  quantify	  the	  significance	  of	  the	  discrimination	  
between	  sample	  groups,	  further	  statistical	  analyses	  were	  performed	  on	  the	  data	  obtained	  
from	  samples	  which	  had	  been	  analysed	  using	  the	  final	  HPLC	  instrument	  parameters	  selected	  in	  
the	  method	  development	  section	  (Chapter	  3).	  	  	  
Full	  Data	  Set	  
The	  HPLC	  profiles	  were	  examined	  using	  Agilent	  Chemstation	  software,	  and	  were	  also	  found	  to	  
contain	  hundreds	  of	  individual,	  closely	  eluting	  peaks,	  many	  of	  which	  were	  close	  to	  the	  limit	  of	  
quantification	  (LOQ),	  defined	  as	  peaks	  with	  a	  signal	  to	  noise	  ratio	  of	  10:1.	  	  All	  data	  was	  first	  
adjusted	  for	  variations	  in	  sample	  concentration,	  then	  the	  peaks	  below	  LOQ	  were	  removed	  
from	  the	  dataset	  as	  they	  cannot	  be	  accurately	  quantified	  by	  the	  instrument.	  
After	  integrating	  and	  processing	  the	  chromatographic	  data,	  Canonical	  Discriminant	  Function	  
Analysis(CDFA)	  was	  performed	  on	  the	  data	  using	  Statistical	  Package	  for	  Social	  Scientists	  (SPSS)	  
to	  determine	  the	  accuracy	  and	  precision	  with	  which	  different	  sets	  of	  HPLC	  peaks	  allow	  samples	  
to	  be	  grouped	  according	  to	  their	  location	  within	  each	  site.	  	  This	  data	  analysis	  technique	  used	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the	  HPLC	  peaks	  as	  predictor	  variables,	  and	  each	  sample	  location	  as	  a	  grouping	  variable.	  	  The	  
data	  for	  each	  individual	  sample	  were	  used	  by	  the	  software	  to	  generate	  functions,	  which	  are	  
linear	  combinations	  of	  the	  variables	  that	  maximise	  the	  difference	  in	  the	  canonical	  discriminant	  
function	  scores	  for	  each	  location.	  	  Each	  sample	  was	  then	  plotted	  using	  the	  scores	  for	  each	  
function	  as	  co-­‐ordinates,	  to	  create	  a	  scatter	  plot	  where	  samples	  of	  similar	  composition	  
clustered	  closely	  together	  allowing	  groups	  of	  samples,	  and	  the	  relative	  degree	  of	  difference	  
between	  groups,	  to	  be	  visualised.	  	  The	  functions	  were	  then	  used	  to	  assign	  each	  sample	  in	  the	  
dataset	  to	  a	  particular	  location,	  based	  on	  the	  scores	  for	  each	  function,	  and	  the	  accuracy	  of	  
classification	  was	  determined	  by	  comparing	  the	  predicted	  sample	  location	  to	  the	  true	  sample	  
location.	  
CDFA	  was	  first	  performed	  using	  each	  of	  the	  chromatographic	  peaks	  observed	  in	  the	  dataset	  as	  
variables	  in	  this	  analysis,	  on	  the	  data	  from	  samples	  collected	  at	  the	  London	  site	  (Figure	  5.8),	  	  
which	  were	  collected	  as	  part	  of	  the	  feasibility	  study	  (Chapter	  4)	  then	  repeated	  for	  the	  samples	  
collected	  in	  London	  in	  June	  2013	  (Figure	  5.9)	  and	  November	  2013	  (Figure	  5.10),	  which	  were	  
collected	  as	  part	  of	  the	  study	  into	  seasonal	  variability	  (Chapter	  6).	  
Peak	  Sub-­‐Sets	  
Full	  datasets	  were	  prepared	  in	  the	  same	  way	  for	  the	  chromatography	  obtained	  at	  the	  
Edinburgh	  and	  Aberdeen	  sites	  in	  January	  2014,	  however	  it	  was	  decided	  at	  this	  stage,	  that	  it	  
was	  necessary	  to	  reduce	  the	  number	  of	  peaks	  used	  in	  the	  data	  analysis,	  since	  there	  were	  up	  to	  
114	  individual	  chromatographic	  peaks	  in	  each	  data	  set.	  	  Great	  care	  was	  required	  to	  ensure	  that	  
like	  with	  like	  comparisons	  were	  being	  made	  between	  chromatograms,	  since	  there	  were	  so	  
many	  peaks,	  many	  of	  which	  were	  very	  close	  in	  retention	  time,	  	  and	  as	  a	  result	  the	  length	  of	  
time	  required	  to	  prepare	  the	  full	  datasets	  for	  analysis	  by	  CDFA	  was	  prohibitive	  to	  routine	  use	  
of	  this	  technique.	  	  	  
Two	  smaller	  subsets	  of	  peaks	  were	  therefore	  chosen	  to	  use	  as	  markers	  in	  further	  analyses	  
(table	  5.4),	  in	  order	  to	  simplify	  the	  data	  analysis,	  improve	  efficiency	  and	  to	  reduce	  error	  rates:	  	  
The	  first	  subset	  of	  peaks	  (set	  A)	  contained	  the	  20	  largest	  peaks	  observed	  in	  the	  three	  full	  
datasets	  prepared	  for	  the	  London,	  Aberdeen	  and	  Edinburgh	  sites,	  since	  these	  were	  the	  easiest	  
peaks	  to	  unambiguously	  identify	  and	  quantify	  and,	  as	  the	  major	  components	  of	  the	  sample,	  
were	  the	  best	  targets	  for	  further	  method	  optimisation	  and	  sample	  size	  reduction;	  	  The	  second	  
set	  (set	  B)	  were	  selected	  using	  the	  R	  “Subselect”	  package	  to	  identify	  smaller	  sets	  of	  variables	  
which	  give	  equally	  good	  classification	  accuracies	  as	  the	  full	  data	  set,	  based	  on	  Wilks’	  Lambda.	  	  
This	  process	  produced	  ten	  sets	  of	  three	  or	  four	  peaks	  which,	  consisting	  of	  eleven	  individual	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peaks	  in	  total,	  when	  used	  as	  variables	  in	  a	  leave-­‐one-­‐out	  classification,	  have	  near-­‐perfect	  error	  
rates	  when	  classifying	  the	  samples.	  	  
Table	  5.4:	  	   	  Retention	  Times	  of	  Marker	  Peaks	  
Marker	  Set	   Peak	  Retention	  Times	  
A	   4.4,	  9.0,	  9.4,	  	  10.0,	  10.8,	  11.6,	  12.2,	  12.6,	  
13.6,	  14.2,	  15.0,	  15.5,	  15.8,	  	  18.8,	  19.6,	  	  20.3,	  
23.6,	  24.3,	  37.3,	  30.4,	  30.8	  
B	   1.9,	  4.4,	  6.7,	  12.2,	  13.2,	  13.7,	  15.0,	  19.1,	  
24.5,	  26.9,	  28.5	  
After	  identifying	  the	  peaks	  of	  interest	  in	  R,	  the	  data	  for	  both	  sub-­‐sets	  of	  peaks	  were	  excised	  
from	  the	  larger	  datasets	  from	  each	  of	  the	  four	  locations	  at	  each	  of	  the	  four	  sites	  sampled	  in	  
January	  2014.	  	  These	  markers	  were	  then	  plotted	  using	  Microsoft	  Excel	  for	  all	  samples,	  in	  order	  
that	  the	  regions	  of	  variability	  in	  the	  profiles	  could	  be	  more	  easily	  visualised,	  and	  subsequently	  
used	  as	  variables	  in	  the	  CDFA	  (Figures	  5.11-­‐5.18).	  
	  5.3	  Results	  
The	  results	  obtained	  using	  all	  of	  the	  peaks	  observed	  in	  the	  chromatograms	  are	  presented	  in	  
section	  5.3.1	  and	  the	  results	  using	  the	  peak	  marker	  sets	  are	  provided	  in	  section	  5.3.2	  
5.3.1	  Full	  Data	  Set	  
The	  profiles	  used	  for	  visual	  comparison	  of	  the	  samples	  using	  all	  of	  the	  peaks	  detected	  in	  the	  
chromatograms	  for	  each	  data	  set	  are	  displayed	  in	  figures	  5.5-­‐5.7	  and	  in	  table	  5.5,	  and	  the	  
results	  of	  the	  CDFA	  for	  these	  data	  are	  presented	  in	  figures	  5.8-­‐5.10	  and	  table	  5.6.	  	  
5.3.1.1	  Visual	  Comparison	  
Typical	  chromatograms	  obtained	  for	  the	  anonymous	  samples	  in	  the	  initial	  analysis	  are	  
displayed	  in	  figure	  5.5,	  and	  the	  results	  of	  the	  visual	  comparison	  and	  classification	  are	  









Figure	  5.5	  Visual	  comparison	  of	  chromatograms	  
	  
Figure	  5.5	  Visual	  comparison	  of	  chromatograms	  from	  feasibility	  study	  (Chapter	  4)	  
Table	  5.5	  provides	  details	  of	  the	  criteria	  used	  to	  classify	  the	  anonymous	  samples,	  and	  lists	  the	  
samples	  assigned	  to	  each	  category.	  














A	   5,	  8,	  14,	  18,	  
19	  
1E,	  1B,	  1D,	  
1C,	  1A	  
No	   No	   No	  
B	   1,	  2,	  4,	  9,	  10	   4E,	  4B,	  4D,	  
4A,	  4C	  
Yes	   Yes	   Yes	  
C	   6,	  7,	  9,	  13,	  
20	  
2D,	  2A,	  2C,	  
2B,	  2E	  
No	   Yes	   Yes	  
D	   3,	  11,	  15,	  
16,	  17	  
3C,	  3E,	  3A,	  
3B,	  3D	  




Four	  distinctive	  chromatographic	  profiles	  were	  observed	  upon	  systematic	  examination	  of	  the	  
chromatograms	  of	  anonymised	  samples	  (Figure	  5.5).	  	  Combinations	  of	  characteristic	  baseline	  
features	  and	  groups	  of	  peaks	  were	  common	  to	  samples	  taken	  from	  the	  same	  location,	  which	  

























Figure	  5.6:	  	  Plot	  of	  Sample	  Groups	  by	  Retention	  Time	  
	  
Figure	  5.6:	  	  	  Plot	  of	  Sample	  Groups	  by	  Retention	  Time	  
	  
The	  plot	  of	  the	  observed	  retention	  times	  displayed	  in	  figure	  5.6,	  shows	  that	  it	  is	  not	  possible	  to	  
exclusively	  group	  samples	  on	  the	  basis	  of	  the	  retention	  times	  of	  their	  constituents.	  	  Samples	  
from	  the	  same	  location	  showed	  a	  similar	  pattern	  of	  retention	  times,	  however	  each	  sample	  at	  a	  
location	  did	  not	  share	  all	  the	  same	  peaks	  as	  other	  samples	  from	  that	  location.	  	  None	  of	  the	  
locations	  displayed	  common	  set	  of	  peaks	  that	  was	  entirely	  distinct	  from	  the	  other	  groups.	  	  
Figure	  5.6	  shows	  that	  each	  Location	  displayed	  internal	  variability	  in	  terms	  of	  the	  number	  and	  
retention	  time	  of	  peaks	  present,	  therefore	  it	  was	  not	  possible	  to	  categorise	  samples	  in	  
absolute	  terms	  on	  this	  basis.	  	  It	  is	  possible	  that	  inherent	  variation	  in	  the	  HPLC’s	  pumping	  
efficiency	  could	  have	  led	  to	  changes	  in	  retention	  times	  between	  samples,	  leading	  to	  inaccurate	  
identification	  of	  peaks.	  	  This	  could	  be	  avoided	  in	  future	  analyses	  through	  the	  addition	  of	  an	  
internal	  standard,	  allowing	  components	  to	  be	  identified	  on	  the	  basis	  of	  their	  retention	  times	  
relative	  to	  the	  standard	  peak.	  

















































Figure	  5.7:	  	  Plot	  of	  Sample	  Groups	  by	  Retention	  Time	  and	  Peak	  Height	  
	  
	  
No	  clear	  patterns	  were	  observable	  in	  figure	  5.7,	  which	  displays	  the	  data	  on	  the	  basis	  of	  the	  
retention	  time	  and	  height	  of	  the	  peak	  apexes,	  due	  to	  the	  number	  of	  samples	  and	  peaks,	  
therefore	  samples	  could	  not	  be	  grouped	  on	  this	  basis.	  	  The	  number	  of	  peaks	  and	  the	  
complexity	  of	  the	  chromatographic	  profiles	  obtained	  in	  this	  study	  meant	  that	  it	  was	  not	  only	  
not	  possible	  to	  identify	  distinct	  groups	  of	  sample	  locations	  in	  this	  way,	  but	  it	  is	  also	  highly	  
impractical	  as	  an	  approach	  to	  interpreting	  this	  type	  of	  data.	  




















































5.3.1.2	  	  Statistical	  Analyses	  
The	  results	  of	  the	  statistical	  analysis	  for	  each	  of	  the	  sample	  sets	  by	  CDFA	  are	  presented	  in	  table	  
5.6.	  






































95.0	   0.003	   0.360	   0.526	   93.4	   4.6	   2.0	  
	  
Figures	  5.8,	  5.9	  and	  5.10	  show	  the	  scatter	  plots	  generated	  in	  the	  CDFA,	  which	  represent	  the	  
relative	  differences	  in	  the	  samples	  and	  explains	  the	  extent	  of	  discrimination	  between	  the	  
sample	  groups	  in	  the	  analyses	  of	  the	  data	  from	  London	  in	  Summer	  2013	  using	  the	  initial	  HPLC	  















Figure	  5.8	  CDFA	  Scatter	  plot	  using	  all	  peaks,	  London	  Summer	  2013	  (Initial	  
Method)	  
	  
Figure	  5.8	  	  CDFA	  Results	  showing	  the	  scores	  for	  function	  1	  (x-­‐axis)	  and	  function	  2	  (y-­‐axis)	  
using	  all	  peaks	  observed	  with	  the	  initial	  instrument	  parameters	  for	  samples	  collected	  from	  
Brockwell	  Park,	  London,	  in	  Summer	  2013	  
The	  results	  of	  the	  CDFA	  for	  the	  height	  of	  each	  of	  the	  peaks	  observed	  for	  the	  proof	  of	  concept	  	  
samples	  analysed	  using	  the	  final	  HPLC	  method	  are	  shown	  in	  figure	  5.8	  and	  Table	  5.6,	  above.	  	  
100%	  of	  samples	  were	  grouped	  correctly	  with	  these	  functions.	  	  The	  software	  determined	  three	  
functions	  with	  which	  to	  categorise	  the	  samples,	  and	  functions	  1,	  2	  and	  3	  explained	  54.6%,	  
35.1%	  and	  10.3%	  of	  the	  variance	  between	  the	  groups,	  respectively,	  and	  the	  discrimination	  






Figure	  5.9	  CDFA	  Scatter	  plot	  using	  all	  peaks,	  London	  Summer	  2013	  (Final	  	  
Method)	  	  	  
	  
Figure	  5.9	  	  CDFA	  Results	  showing	  the	  scores	  for	  function	  1	  (x-­‐axis)	  and	  function	  2	  (y-­‐axis)	  
using	  all	  peaks	  observed	  with	  the	  final	  instrument	  parameters	  for	  samples	  collected	  from	  
Brockwell	  Park,	  London,	  in	  Summer	  2013	  
The	  results	  of	  the	  CDFA	  for	  the	  height	  of	  each	  of	  the	  peaks	  observed	  for	  the	  samples	  collected	  
in	  June	  2013	  are	  shown	  in	  figure	  5.9	  and	  table	  5.6,	  above.	  	  100%	  of	  samples	  were	  grouped	  
correctly	  with	  these	  functions.	  	  The	  software	  determined	  three	  functions	  with	  which	  to	  
categorise	  the	  samples,	  and	  functions	  1,	  2	  and	  3	  explained	  84.9%,	  13.5%	  and	  1.5%	  of	  the	  
variance	  between	  the	  groups,	  respectively,	  and	  the	  discrimination	  between	  the	  groups	  of	  







Figure	  5.10	  CDFA	  Scatter	  plot	  using	  all	  peaks,	  London	  Autumn	  2013	  (Final	  
Method)	  
	  
Figure	  5.10	  	  CDFA	  Results	  showing	  the	  scores	  for	  function	  1	  (x-­‐axis)	  and	  function	  2	  (y-­‐axis)	  
using	  all	  peaks	  observed	  with	  the	  final	  instrument	  parameters	  for	  samples	  collected	  from	  
Brockwell	  Park,	  London,	  in	  Autumn	  2013	  
The	  results	  of	  the	  CDFA	  for	  the	  height	  of	  each	  of	  the	  peaks	  observed	  for	  the	  samples	  collected	  
in	  November	  2013	  are	  shown	  in	  figure	  5.10	  and	  table	  5.6,	  above.	  	  95%	  of	  samples	  were	  
grouped	  correctly	  with	  these	  functions,	  with	  one	  of	  the	  sample	  from	  unmanaged	  land	  was	  
misclassified	  as	  having	  originated	  from	  managed	  grassland.	  	  The	  software	  determined	  three	  
functions	  with	  which	  to	  categorise	  the	  samples,	  and	  functions	  1,	  2	  and	  3	  explained	  93.4%,	  
4.6%	  and	  2.0%	  of	  the	  variance	  between	  the	  groups,	  respectively,	  and	  the	  discrimination	  of	  the	  
groups	  was	  significant	  at	  the	  95%	  confidence	  level	  (p=0.003)	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5.3.2	  Peak	  Subsets	  
The	  results	  obtained	  using	  the	  two	  marker	  peak	  sets	  are	  presented	  here,	  the	  discussion	  of	  the	  
visual	  assessment	  is	  provided	  in	  section	  5.3.2.1	  and	  the	  results	  of	  the	  statistical	  analyses	  are	  
displayed	  in	  section	  5.3.2.2	  
5.3.2.1	  Visual	  Comparison	  
The	  profiles	  used	  for	  visual	  comparison	  of	  the	  samples	  using	  the	  two	  marker	  peak	  sets	  are	  
illustrated	  in	  figures	  5.11-­‐5.18	  
HPLC	  Peak	  Set	  A	  
Figures	  5.11-­‐5.14	  show	  the	  profiles	  obtained	  for	  HPLC	  peak	  set	  A	  for	  the	  London,	  Edinburgh,	  
Aberdeen	  and	  New	  York	  City	  sites,	  respectively.	  
Figure	  5.11:	  	   	  HPLC	  Profiles	  for	  Brockwell	  Park,	  London-­‐	  Peak	  Set	  A	  
	  
	  
All	  four	  locations	  within	  Brockwell	  Park,	  London	  could	  be	  distinguished	  by	  the	  profiles	  of	  HPLC	  
peak	  set	  A	  (Figure	  5.11).	  	  	  The	  size	  order	  for	  the	  peaks	  at	  4.7,	  9.4	  and	  10min	  were	  distinct	  for	  
samples	  adjacent	  to	  fresh	  water,	  as	  was	  the	  absence	  of	  the	  peaks	  at	  9	  and	  10.8min.	  	  Managed	  
grassland	  could	  be	  distinguished	  from	  woodland	  and	  unmanaged	  land	  by	  the	  size	  of	  the	  peak	  
at	  9.4min,	  the	  ratio	  of	  this	  peak	  compared	  with	  the	  peak	  at	  9min	  was	  larger	  for	  managed	  
HPLC%Peak%Set%A%Proﬁles%for%Soils%from%Brockwell%Park,%London%
















































































































































































































































































grassland,	  at	  3:1,	  than	  for	  both	  unmanaged	  land	  and	  woodland,	  at	  1.3:1	  and	  1.4:1,	  
respectively.	  	  	  The	  profiles	  for	  woodland	  soils	  were	  noticeably	  different	  from	  the	  other	  
locations	  as	  the	  magnitudes	  of	  the	  woodland	  peaks	  were	  more	  than	  double	  those	  of	  the	  other	  
sites,	  while	  the	  relatively	  high	  ratio	  of	  2.5:1	  for	  the	  peak	  at	  15.3min,	  relative	  to	  the	  peak	  at	  
9min,	  for	  woodland	  samples	  separated	  these	  samples	  from	  unmanaged	  land	  where	  the	  ratio	  
was	  1.2:1.	  	  	  	  Comparison	  of	  the	  two	  tallest	  peaks	  for	  each	  location	  was	  also	  useful	  in	  
discriminating	  the	  samples.	  For	  soils	  adjacent	  to	  fresh	  water	  the	  two	  tallest	  peaks	  were	  4.7	  and	  
12.2min,	  whereas	  for	  woodland	  soils	  the	  peaks	  at	  9.4	  and	  15.3min	  were	  largest,	  on	  the	  other	  
hand	  the	  peaks	  at	  15.3	  and	  18.8min	  were	  largest	  for	  both	  managed	  grassland	  and	  unmanaged	  
land,	  suggesting	  the	  possibility	  that	  these	  peaks	  are	  indicative	  of	  grassland	  soils.	  
Figure	  5.12:	  	   	  HPLC	  Profiles	  for	  Lochend	  Park,	  Edinburgh-­‐	  Peak	  Set	  A	  
	  
It	  was	  possible	  to	  discriminate	  all	  four	  locations	  within	  Lochend	  Park,	  Edinburgh	  on	  the	  basis	  of	  
the	  profiles	  of	  HPLC	  peak	  set	  A	  (Figure	  5.12).	  	  The	  presence	  of	  a	  peak	  at	  10.8min	  was	  a	  useful	  
discriminator	  for	  the	  soils	  adjacent	  to	  fresh	  water,	  since	  this	  was	  absent	  at	  the	  other	  three	  
locations.	  	  The	  soils	  from	  unmanaged	  land	  were	  the	  only	  samples	  that	  did	  not	  contain	  a	  peak	  
at	  15.8min.	  	  The	  profiles	  obtained	  for	  woodland	  and	  managed	  grassland	  samples	  were	  
arguably	  the	  most	  similar	  at	  this	  site,	  however	  several	  peak	  ratios	  were	  notably	  different	  at	  the	  
two	  locations.	  	  At	  the	  managed	  grassland	  location,	  the	  ratio	  of	  the	  peak	  height	  at	  9min	  relative	  
HPLC%Peak%Set%A%Proﬁles%for%Soils%from%Lochend%Park,%Edinburgh%%





































































































































































to	  the	  peak	  at	  4.7min	  was	  much	  larger,	  at	  3.5:1,	  than	  for	  woodland	  samples,	  where	  this	  ratio	  
was	  1.5:1,	  likewise	  the	  peaks	  at	  20.3	  and	  24.3min	  were	  69%	  and	  63%	  larger	  for	  managed	  
grassland	  than	  their	  neighbours	  at	  19.6	  and	  23.6min,	  respectively,	  but	  only	  30%	  and	  26%	  
larger	  for	  woodland	  soils.	  	  In	  addition,	  the	  peak	  at	  30.4min	  was	  approximately	  equal	  in	  size	  to	  
the	  peak	  at	  30.8min	  for	  woodland	  soil,	  while	  for	  managed	  grassland	  the	  peak	  at	  30.4min	  was	  
half	  the	  size	  of	  the	  peak	  at	  30.8min.	  
Figure	  5.13:	  	   	  HPLC	  Profiles	  for	  Craigiebuckler	  Estate,	   	  Aberdeen-­‐	  Peak	  Set	  A	  
	  	  
The	  profiles	  for	  HPLC	  peak	  set	  A	  allowed	  each	  of	  the	  four	  locations	  in	  Craigiebuckler	  Estate,	  
Aberdeen	  to	  be	  distinguished	  visually	  (Figure	  5.13).	  	  The	  largest	  peak	  present	  in	  the	  managed	  
grassland	  samples	  was	  the	  peak	  at	  9.4min,	  which	  was	  distinct	  from	  the	  other	  three	  locations.	  	  
The	  profiles	  of	  soils	  adjacent	  to	  fresh	  water	  differed	  from	  the	  other	  locations	  in	  that	  the	  largest	  
peak	  was	  at	  10.8min.	  The	  profiles	  were	  also	  distinct	  from	  the	  managed	  grassland	  and	  
unmanaged	  land	  with	  the	  absence	  of	  a	  peak	  at	  9min.	  	  The	  large	  relative	  height	  of	  the	  peak	  at	  
30.8min	  was	  distinctive	  of	  woodland	  soil	  profiles,	  and	  these	  profiles	  were	  also	  discernable	  
from	  the	  unmanaged	  land	  and	  managed	  grassland	  through	  the	  absence	  of	  the	  peak	  at	  9min.	  	  
The	  profile	  of	  the	  samples	  from	  unmanaged	  land	  were	  distinctive	  with	  the	  highest	  peak	  at	  











































































































































































Figure	  5.14:	  	   	  HPLC	  Profiles	  for	  Central	  Park,	  New	  York	  City-­‐	  Peak	  Set	  A	  
	  
In	  Central	  Park,	  New	  York	  City,	  all	  four	  locations	  could	  be	  discriminated	  on	  the	  basis	  of	  their	  
HPLC	  profiles	  for	  peak	  set	  A	  (Figure	  5.14).	  	  The	  location	  adjacent	  to	  fresh	  water	  could	  be	  
unambiguously	  distinguished	  from	  the	  other	  locations	  through	  the	  absence	  of	  a	  peak	  at	  
10.8min,	  while	  the	  absence	  of	  the	  peak	  at	  9min	  was	  a	  unique	  feature	  of	  the	  soils	  from	  
unmanaged	  land	  at	  this	  site.	  The	  profiles	  of	  the	  managed	  grassland	  and	  woodland	  locations	  
were	  very	  similar,	  however	  there	  was	  a	  noticeable	  difference	  in	  the	  size	  of	  the	  peak	  at	  9min	  
compared	  to	  its	  neighbours	  at	  4.7	  and	  9.4min	  between	  the	  two	  locations.	  	  The	  peak	  at	  9min	  
was	  larger	  than	  the	  peak	  at	  4.7min,	  at	  9mV	  and	  3mV,	  respectively,	  for	  the	  managed	  grassland,	  
while	  for	  the	  woodland	  location	  the	  peak	  at	  4.7min	  was	  larger	  at	  12mV	  compared	  to	  5mV	  at	  
9min.	  	  In	  addition,	  the	  peaks	  were	  generally	  three	  times	  larger	  for	  the	  woodland	  soils,	  ranging	  
from	  5	  to	  60mV,	  than	  for	  managed	  grassland	  where	  the	  peaks	  ranged	  from	  1	  to	  15mV.	  
HPLC	  Peak	  Set	  B	  
Figures	  5.15-­‐5.18	  show	  the	  profiles	  obtained	  for	  HPLC	  peak	  set	  B	  for	  the	  London,	  Edinburgh,	  






















































































































































































































































































Figure	  5.15:	  	   	  HPLC	  Profiles	  for	  Brockwell	  Park,	  London-­‐	  Peak	  Set	  B	  
	  
The	  HPLC	  profiles	  for	  peak	  set	  B	  allowed	  all	  four	  samples	  locations	  within	  Brockwell	  Park,	  
London	  to	  be	  discriminated	  visually	  (Figure	  5.15).	  The	  magnitudes	  of	  the	  peaks	  in	  woodland	  
soils,	  with	  an	  average	  peak	  height	  of	  39.0	  mV	  for	  the	  largest	  peak	  at	  12.2min,	  were	  
approximately	  twice	  the	  size	  of	  those	  in	  soils	  adjacent	  to	  fresh	  water	  and	  managed	  grassland,	  
where	  the	  largest	  peaks	  were	  21.6	  and	  17.7mV,	  respectively	  and	  were	  in	  turn	  around	  three	  
times	  the	  size	  of	  the	  peaks	  found	  in	  unmanaged	  land,	  where	  the	  largest	  peak	  was	  only	  5.4mV.	  	  
The	  large	  size	  of	  the	  peak	  at	  6.73min	  relative	  to	  the	  peak	  at	  12.2min	  distinguishes	  managed	  
grassland	  from	  all	  other	  sample	  locations,	  while	  the	  large	  size	  of	  the	  peaks	  at	  1.9min	  compared	  
to	  all	  other	  peaks	  is	  distinctive	  of	  the	  profiles	  in	  soils	  adjacent	  to	  fresh	  water.	  	  The	  profiles	  of	  
soils	  from	  unmanaged	  land	  and	  woodland	  were	  visually	  more	  similar,	  however	  on	  closer	  
inspection	  the	  unmanaged	  land	  samples	  can	  be	  easily	  separated	  due	  to	  the	  presence	  of	  the	  
peak	  at	  24.5min	  which	  is	  absent	  in	  woodland	  samples,	  and	  interestingly,	  is	  not	  present	  in	  the	  
soils	  from	  managed	  grassland	  therefore	  cannot	  be	  derived	  from	  grasses.	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Figure	  5.16:	  	   	  HPLC	  Profiles	  for	  Lochend	  Park,	  Edinburgh-­‐	  Peak	  Set	  B
	  
The	  profiles	  for	  HPLC	  peak	  set	  B	  were	  not	  as	  easily	  distinguishable	  at	  each	  of	  the	  four	  locations	  
in	  Lochend	  Park,	  Edinburgh.	  Under	  scrutiny,	  however,	  each	  profile	  was	  different	  from	  the	  
others	  (Figure	  5.16).	  	  	  The	  woodland	  samples	  were	  distinctive	  in	  that	  they	  had	  large	  peaks	  at	  
1.9min,	  which,	  at	  22.0mV,	  were	  approximately	  ten	  times	  the	  size	  of	  the	  next	  largest	  peaks	  at	  
12.2	  and	  19.1min	  at	  2.4	  and	  2.8mV,	  respectively.	  	  	  The	  soils	  adjacent	  to	  fresh	  water	  were	  
distinct	  with	  the	  two	  largest	  peaks	  at	  1.9	  and	  19.1min,	  and	  these	  were	  also	  very	  similar	  in	  size	  
to	  one	  another.	  	  It	  was	  more	  difficult	  to	  visually	  discriminate	  the	  profiles	  of	  managed	  grassland	  
and	  unmanaged	  land,	  however	  the	  largest	  peak	  in	  the	  former	  was	  9.8mV,	  approximately	  twice	  
the	  size	  of	  the	  same	  peak	  in	  the	  latter,	  at	  5.6mV.	  	  In	  addition,	  the	  small	  peaks	  present	  in	  the	  
managed	  grassland	  profiles	  at	  6.7	  and	  28.5min	  were	  absent	  in	  the	  samples	  from	  unmanaged	  
land.	  	  However	  the	  relative	  uncertainty	  in	  measurements	  of	  peaks	  at	  this	  low	  level	  is	  far	  
greater	  and	  therefore	  there	  can	  be	  much	  less	  confidence	  in	  the	  visual	  discrimination	  of	  these	  
























































Figure	  5.17:	  	   	  HPLC	  Profiles	  for	  Craigiebuckler	  Estate,	  Aberdeen-­‐	  Peak	  Set	  B	  
	  	  	  
The	  samples	  from	  the	  four	  locations	  within	  the	  Craigiebuckler	  Estate,	  Aberdeen	  were	  easily	  
distinguished	  using	  peak	  set	  B	  (Figure	  5.17).	  	  Comparison	  of	  the	  retention	  time	  of	  and	  ratio	  
between	  the	  two	  largest	  peaks	  at	  each	  location	  was	  useful	  in	  grouping	  the	  samples	  from	  
managed	  grassland,	  with	  the	  largest	  peak	  at	  1.9min	  and	  next	  largest	  at	  12.2min,	  and	  those	  
from	  soils	  adjacent	  to	  fresh	  water,	  which	  had	  two	  large	  peaks	  of	  similar	  size,	  at	  1.9	  and	  
28.5min.	  	  The	  typical	  profiles	  of	  unmanaged	  land	  and	  woodland	  samples	  were	  similar	  in	  having	  
the	  largest	  peak	  at	  12.2min	  and	  the	  next	  largest	  at	  1.9min,	  however	  the	  ratio	  of	  the	  former	  to	  
latter	  was	  greater	  for	  woodland	  soils,	  at	  8:1	  compared	  to	  3:1	  for	  the	  unmanaged	  location,	  and	  
woodland	  soils	  were	  also	  missing	  the	  peaks	  at	  4.35	  and	  6.73min	  that	  were	  present	  at	  the	  




























































Figure	  5.18:	  	   	  HPLC	  Profiles	  for	  Central	  Park,	  New	  York	  City-­‐	  Peak	  Set	  B	  
	  
The	  profiles	  obtained	  for	  peak	  set	  B	  also	  varied	  across	  the	  four	  locations	  in	  Central	  Park,	  New	  
York	  City	  (Figure	  5.18).	  	  The	  peak	  sizes	  were	  far	  larger	  for	  unmanaged	  land	  and	  were	  smallest	  
at	  the	  location	  adjacent	  to	  fresh	  water,	  while	  the	  peaks	  in	  the	  managed	  grassland	  samples	  
were	  generally	  three	  times	  as	  large	  as	  those	  for	  the	  location	  adjacent	  to	  fresh	  water,	  and	  
woodland	  samples	  were	  approximately	  twice	  the	  size	  obtained	  for	  managed	  grassland.	  	  Soil	  
profiles	  for	  unmanaged	  land	  could	  be	  separated	  from	  the	  other	  three	  locations	  by	  the	  absence	  
of	  the	  peak	  at	  1.9min	  while	  samples	  from	  managed	  grassland	  could	  be	  distinguished	  from	  
those	  for	  woodland	  by	  the	  size	  order	  of	  the	  peaks	  at	  1.9,	  4.35	  and	  6.73min,	  	  The	  profiles	  from	  
soil	  adjacent	  to	  fresh	  water	  were	  most	  noticably	  different	  from	  the	  other	  locations	  in	  the	  ratio	  
of	  the	  peak	  at	  1.9min	  compared	  to	  the	  peak	  at	  12.2	  min,	  the	  peak	  at	  12.2min	  was	  1.87mV	  and	  
was	  33%	  smaller	  than	  the	  2.78mV	  peak	  at	  1.9min	  for	  soils	  adjacent	  to	  fresh	  water,	  while	  it	  was	  
far	  larger	  than	  the	  peak	  at	  1.9min	  for	  managed	  grassland	  with	  peak	  heighs	  of	  5.49mV	  and	  





























































5.3.2.2	  Statistical	  Analyses	  
Full	  details	  of	  the	  CDFA	  results	  are	  provided	  in	  Table	  5.7	  and	  the	  scatter	  plots	  produced	  for	  
both	  peak	  sets	  are	  shown	  in	  Figure	  5.19.	  



























A	   100.0	   .000	   .002	   .034	   89.7	   7.0	   3.3	  
B	   90.0	   .000	   .041	   .684	   84.8	   13.9	   1.3	  
Edinburgh	  
A	   100.0	   .000	   .000	   .022	   88.9	   8.3	   2.7	  
B	   100.0	   .000	   .018	   .397	   62.4	   32.5	   5.0	  
Aberdeen	   	  
A	   94.7	   .001	   .147	   .531	   90.6	   7.8	   1.5	  
B	   100.0	   .000	   .000	   .014	   97.4	   2.4	   0.2	  
New	  York	  
A	   100.0	   .000	   .000	   .005	   92.3	   5.8	   1.9	  
B	   100.0	   .000	   .000	   .071	   73.3	   24.1	   2.5	  
	  
Using	  HPLC	  Peak	  Set	  A	  (Figure	  5.19),	  all	  but	  one	  sample	  was	  classified	  to	  the	  correct	  location	  
across	  all	  four	  sites.	  	  One	  sample	  from	  the	  unmanaged	  location	  in	  Craigiebuckler	  Estate,	  
Aberdeen	  was	  misclassified	  as	  having	  originated	  from	  the	  woodland	  location,	  giving	  an	  overall	  
accuracy	  rate	  of	  94.7%	  for	  this	  peak	  set	  at	  this	  site	  (table	  5.7).	  	  The	  discriminant	  functions	  gave	  
rise	  to	  sample	  groupings	  that	  were	  significant	  at	  the	  99%	  confidence	  interval	  	  (p	  ≤	  0.001)	  
For	  HPLC	  Peak	  Set	  B	  (Figure	  5.19),	  all	  the	  samples	  were	  correctly	  classified	  at	  the	  Aberdeen,	  
Edinburgh	  and	  New	  York	  sites.	  	  Two	  samples	  from	  Brockwell	  Park,	  London	  were	  incorrectly	  
assigned	  to	  groups	  using	  the	  functions	  generated.	  	  One	  sample	  from	  managed	  grassland	  was	  
predicted	  to	  belong	  to	  the	  unmanaged	  land	  group,	  while	  one	  sample	  from	  the	  location	  
adjacent	  to	  fresh	  water	  was	  incorrectly	  assigned	  to	  the	  managed	  grassland	  soil	  group.	  	  This	  
resulted	  in	  a	  grouping	  accuracy	  rate	  of	  90.0%	  for	  the	  London	  site	  (table	  5.7).	  	  As	  with	  Peak	  Set	  
A,	  the	  discrimination	  of	  sample	  groups	  resulting	  from	  the	  functions	  produced	  in	  this	  analysis,	  
was	  statistically	  significant	  at	  the	  99%	  confidence	  interval	  (p	  =	  0.000).	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Figure	  5.19	  CDFA	  plots	  of	  sample	  scores	  for	  Function	  2	  vs.	  Function	  1	  for	  Peak	  Sets	  A	  and	  B	  





Systematic	  visual	  inspection	  of	  the	  anonymised	  chromatograms	  resulted	  in	  the	  correct	  
grouping	  of	  all	  samples	  and	  it	  is	  encouraging	  that	  classification	  of	  such	  complex	  data	  was	  
possible	  at	  such	  a	  high	  level	  of	  accuracy	  was	  achievable,	  particularly	  in	  a	  blind	  trial.	  	  As	  with	  
other	  techniques	  which	  require	  detailed	  visual	  examination	  by	  an	  experienced	  analyst,	  the	  
classification	  process	  was	  very	  time	  consuming.	  	  In	  this	  study	  it	  took	  around	  two	  hours	  to	  
compare	  the	  chromatograms,	  which	  somewhat	  limits	  the	  practicality	  of	  this	  approach	  to	  data	  
analysis	  for	  routine	  forensic	  analyses.	  	  It	  was	  not	  possible	  to	  visually	  identify	  any	  potential	  
marker	  peaks	  on	  the	  basis	  of	  retention	  time	  and	  peak	  height,	  as	  the	  data	  was	  extremely	  
complex	  and	  variable.	  	  	  
Performing	  CDFA	  on	  the	  entire	  data	  set	  produced	  excellent	  results,	  with	  100%	  accuracy	  at	  the	  
99%	  confidence	  interval,	  however	  the	  data	  processing	  step	  was	  extremely	  labour	  intensive,	  
due	  to	  the	  large	  number	  of	  peaks	  observed	  in	  the	  chromatographic	  data,	  and	  each	  peak	  
requiring	  manual	  integration	  and	  classification	  for	  every	  analysis.	  	  The	  number	  of	  peaks	  in	  each	  
chromatogram	  presented	  an	  enormous	  challenge	  in	  terms	  of	  ensuring	  that	  the	  data	  were	  
correctly	  formatted	  for	  statistical	  analysis,	  since	  each	  of	  the	  100+	  peaks	  in	  one	  sample	  had	  to	  
be	  compared	  to	  each	  of	  the	  100+	  peaks	  in	  the	  19	  other	  samples,	  and	  not	  all	  of	  the	  peaks	  were	  
in	  every	  sample.	  	  It	  was	  difficult	  to	  ensure	  like-­‐for-­‐like	  comparisons	  were	  made	  due	  to	  natural,	  
slight	  variations	  in	  the	  peak	  retention	  times	  from	  run	  to	  run,	  and	  the	  fact	  that	  many	  peaks	  
were	  poorly	  resolved,	  and	  very	  close	  in	  retention	  time	  to	  their	  neighbours.	  	  As	  a	  result,	  the	  
time	  taken	  to	  prepare	  the	  Chemstation	  data	  for	  analysis	  in	  SPSS	  was	  in	  the	  order	  of	  three	  
weeks	  per	  set	  of	  20	  samples,	  which	  is	  an	  unacceptable	  time	  scale	  for	  urgent	  case	  work,	  and	  
increases	  the	  labour	  cost	  associated	  with	  the	  analysis	  such	  that	  it	  is	  unlikely	  that	  it	  would	  be	  
deemed	  useful	  by	  commercial	  or	  publically	  funded	  forensic	  science	  service	  providers.	  
This	  study	  has	  shown	  that	  measuring	  only	  these	  smaller	  sets	  of	  peaks,	  pre-­‐selected	  for	  their	  
discriminatory	  value,	  reduces	  the	  time	  taken	  to	  analyse	  the	  data	  from	  somewhere	  in	  the	  order	  
of	  weeks,	  to	  less	  than	  one	  day.	  	  	  	  Peak	  sets	  A	  and	  B,	  both	  provided	  ways	  to	  distinguish	  the	  four	  
close-­‐proximity	  locations	  at	  each	  site	  based	  on	  visual	  assessment	  of	  the	  profiles,	  by	  peak	  ratios	  
or	  the	  presence	  or	  absence	  of	  a	  particular	  peak.	  	  These	  results	  were	  consistent	  across	  the	  
range	  of	  geographical	  locations	  used	  in	  the	  study,	  which	  indicates	  that	  the	  discriminatory	  
ability	  of	  the	  technique	  is	  not	  affected	  by	  the	  underlying	  geology	  of	  a	  site,	  and	  the	  suitability	  of	  
the	  technique	  for	  use	  at	  different	  sites	  and	  times	  of	  year	  is	  explored	  in	  greater	  detail	  in	  
Chapter	  6.	  	  Measurement	  of	  these	  specific	  peaks	  not	  only	  provides	  an	  accurate	  method	  of	  
visually	  comparing	  locations	  within	  a	  site,	  but	  when	  combined	  with	  further	  processing	  of	  the	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data	  using	  CDFA	  the	  ability	  of	  the	  technique	  to	  discriminate	  between	  these	  close	  proximity	  
locations	  was	  excellent,	  demonstrating	  that	  removing	  the	  extra	  peaks	  from	  the	  analysis	  has	  
minimal	  effect	  on	  the	  experimental	  outcome.	  	  
The	  improved	  data	  analysis	  method,	  using	  the	  two	  peak	  marker	  sets	  instead	  of	  the	  full	  dataset,	  
significantly	  increases	  the	  potential	  impact	  of	  this	  HPLC	  method	  as	  a	  tool	  for	  the	  discrimination	  
of	  geoforensic	  samples.	  	  The	  confirmation	  provided	  here	  of	  the	  suitability	  of	  these	  two	  peak	  
sets	  for	  use	  as	  markers	  for	  geoforensic	  profiling	  allows	  the	  use	  of	  automated	  integration	  and	  
peak	  identification	  in	  future	  studies,	  which	  could	  allow	  the	  data	  to	  be	  prepared	  in	  seconds	  by	  
the	  chromatography	  software	  ready	  for	  CDFA	  analysis	  in	  SPSS,	  potentially	  reducing	  overall	  the	  
data	  analysis	  time	  to	  a	  few	  minutes.	  	  
The	  use	  of	  automated	  data	  processing	  on	  these	  selected	  peaks	  would	  also	  improve	  the	  
precision	  between	  the	  replicates	  at	  each	  sample	  location,	  as	  the	  software	  ensures	  greater	  
consistency	  in	  the	  integration	  of	  each	  peak.	  Furthermore,	  with	  fewer	  peaks	  to	  quantify	  per	  
sample,	  it	  is	  easier	  to	  accurately	  assign	  the	  peaks	  of	  interest	  and	  reduce	  misclassification	  errors	  
resulting	  from	  coeluting	  peaks	  and	  poor	  chromatographic	  resolution.	  
There	  was	  noticeable	  variability	  in	  the	  data,	  evident	  from	  the	  error	  bars	  displayed	  in	  figures	  
5.11-­‐5.18,	  which	  was	  expected	  due	  to	  the	  natural	  heterogeneity	  of	  soil	  as	  a	  sample.	  	  This	  
variation	  would	  likely	  have	  been	  reduced	  had	  the	  five	  samples	  for	  each	  location	  been	  
homogenised	  then	  sub-­‐sampled,	  however	  since	  there	  was	  no	  pooling	  of	  the	  five	  replicates	  to	  
offer	  an	  appropriate	  forensic	  context,	  the	  results	  are	  a	  better	  reflection	  of	  the	  true	  variability	  
within	  each	  location.	  	  Homogenisation	  of	  samples	  must	  only	  be	  performed	  after	  careful	  
consideration	  of	  specific	  case	  circumstances	  (13),	  since	  there	  may	  be	  small	  quantities	  of	  
diagnostic	  or	  characteristic	  compounds,	  that	  are	  essential	  to	  the	  interpretation	  of	  the	  results,	  
present	  in	  a	  discrete	  soil	  aggregate	  or	  individual	  sample	  point,	  and	  this	  information	  may	  be	  lost	  
if	  sample	  mixing	  dilutes	  such	  compounds	  to	  below	  the	  limit	  of	  detection	  for	  the	  method.	  	  
Understanding	  the	  degree	  of	  variability	  in	  the	  profiles	  at	  a	  location	  of	  forensic	  interest	  is	  
essential	  when	  making	  comparisons	  of	  control	  and	  evidentiary	  samples,	  therefore	  
preservation	  of	  intra-­‐location	  variation	  is	  key	  to	  correctly	  interpreting	  geoforensic	  evidence.	  
It	  may	  however	  be	  possible,	  and	  indeed	  appropriate,	  to	  improve	  the	  precision	  between	  
replicates	  by	  homogenising	  the	  individual	  replicate	  sub-­‐samples	  through	  grinding	  and	  sieving	  
each	  sub-­‐sample	  prior	  to	  extraction.	  This	  could	  be	  achieved	  without	  the	  loss	  of	  any	  
information	  necessary	  for	  the	  correct	  forensic	  interpretation,	  since	  any	  profile	  variability	  
within	  the	  few-­‐centimeter	  cross	  section	  of	  soil	  at	  each	  point	  in	  the	  sample	  grid	  is	  unlikely	  to	  be	  
relevant	  to	  crime	  reconstruction.	  	  This	  approach	  would	  produce	  a	  sub-­‐sample	  of	  uniform	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content,	  which	  is	  likely	  to	  be	  more	  similar	  to	  the	  averaged	  result	  for	  other	  homogenised	  sub-­‐
samples	  at	  that	  location.	  	  Grinding	  and	  sieving	  would	  also	  improve	  the	  extractability	  of	  organic	  
compounds	  in	  the	  soil,	  thereby	  increasing	  their	  concentration	  in	  sample	  solutions	  and	  the	  size	  
of	  the	  corresponding	  peaks,	  which	  reduces	  the	  intra-­‐location	  variability	  since	  the	  analytical	  
precision	  of	  the	  HPLC	  method	  improves	  with	  peak	  size.	  	  In	  addition,	  through	  the	  investigation	  
of	  more	  rigidly	  specified	  location	  types,	  in	  particular	  by	  exercising	  greater	  control	  over	  the	  
variation	  of	  surface	  vegetation	  at	  each	  location	  type	  when	  selecting	  sample	  locations.	  	  This	  
approach	  may	  also	  lead	  to	  the	  identification	  of	  location-­‐specific	  markers	  or	  profiles	  that	  are	  
indicative	  of	  particular,	  well	  defined	  land	  use	  or	  vegetation	  types,	  and	  thereby	  be	  valuable	  for	  
the	  ‘seek	  and	  find’	  investigations	  in	  addition	  to	  the	  comparison	  between	  exhibits.	  	  	  
The	  classification	  accuracy	  rate	  achieved	  for	  the	  two	  sets	  of	  marker	  peaks	  was	  very	  high	  in	  
both	  cases,	  with	  both	  sets	  achieving	  100%	  accuracy	  at	  three	  out	  of	  four	  sites.	  The	  results	  were	  
slightly	  better	  for	  peak	  set	  A,	  which	  misclassified	  only	  one	  sample	  across	  the	  whole	  study,	  
compared	  to	  peak	  set	  B	  which	  misclassified	  two	  samples.	  	  In	  this	  regard,	  set	  A	  can	  be	  said	  to	  
offer	  superior	  results,	  however	  the	  data	  for	  peak	  set	  B	  had	  the	  advantage	  of	  being	  much	  more	  
easily	  interpreted	  by	  visual	  examination	  of	  the	  profiles,	  due	  to	  having	  fewer	  variables	  to	  
compare.	  	  With	  fewer	  peaks	  to	  identify,	  classify	  and	  analyse,	  set	  B	  also	  offers	  the	  added	  
benefit	  of	  reduced	  data	  analysis	  time	  compared	  to	  set	  A.	  	  	  
In	  order	  to	  develop	  this	  method	  for	  use	  in	  forensic	  casework,	  it	  will	  be	  necessary	  to	  validate	  
the	  ability	  of	  this	  method	  to	  reliably	  detect	  and	  quantify	  the	  peaks	  of	  interest,	  which	  requires	  
further	  research	  to	  identify	  the	  compounds	  and	  isolate	  purified	  extracts	  for	  use	  as	  standards	  in	  
the	  method	  validation.	  	  	  Characterisation	  of	  the	  smaller	  set	  of	  compounds	  in	  set	  B	  could	  be	  
significantly	  quicker	  and	  optimising	  the	  chromatography	  of	  fewer	  peaks	  would	  make	  validation	  
far	  easier.	  	  However	  given	  their	  low	  concentration	  it	  would	  take	  longer	  and	  be	  more	  costly	  to	  
extract	  sufficient	  quantities	  for	  use	  as	  standards.	  Furthermore	  it	  may	  be	  necessary	  to	  
introduce	  a	  pre-­‐concentration	  step	  to	  the	  sample	  preparation	  method	  in	  order	  to	  achieve	  
robust	  analysis	  using	  peak	  set	  B.	  	  	  
5.5	  Conclusions	  
This	  study	  has	  shown	  it	  is	  not	  necessary	  to	  use	  all	  the	  peaks	  present	  in	  the	  HPLC	  profile	  of	  a	  
sample	  in	  the	  data	  analysis	  and	  sample	  comparison	  steps.	  	  	  Visual	  comparison	  of	  the	  initial	  
chromatograms	  showed	  that	  there	  were	  regions	  where	  the	  chromatography	  was	  noticeably	  
different	  between	  groups,	  and	  by	  focusing	  on	  these	  three	  regions	  only	  it	  was	  possible	  to	  
classify	  the	  samples	  with	  100%	  accuracy.	  	  Although	  this	  visual	  assessment	  was	  naturally	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subjective,	  it	  was	  possible	  to	  select	  markers	  in	  a	  more	  objective	  manner	  through	  the	  use	  of	  the	  
“Subselect”	  analysis	  in	  R	  and	  the	  informed	  choice	  of	  large,	  easily	  identifiable	  and	  reliably	  
quantifiable	  peaks.	  	  Near	  100%	  classification	  accuracy	  rates	  were	  achieved	  at	  all	  four	  sites	  in	  
each	  of	  the	  four	  locations	  tested,	  using	  these	  two	  sets	  of	  markers.	  	  This	  research	  provides	  
investigators	  with	  two	  effective	  data	  analysis	  strategies	  to	  use	  in	  future	  geoforensic	  studies,	  
allowing	  the	  data	  analysis	  method	  to	  be	  chosen	  to	  suit	  the	  priorities	  of	  the	  case	  specific	  
details.	  	  Where	  sample	  amounts	  are	  limited	  the	  use	  of	  the	  larger	  peak	  set	  will	  be	  valuable,	  and	  
where	  quicker	  analysis	  is	  required	  the	  smaller	  peak	  set	  offers	  timely	  analysis.	  	  The	  results	  of	  
this	  research	  show	  that	  the	  newly	  developed	  HPLC	  and	  data	  analysis	  methods	  provide	  
significant	  scope	  for	  highly	  discriminatory,	  routine	  analyses	  to	  be	  performed	  on	  geoforensic	  
samples	  from	  close-­‐proximity	  sites.
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6	  Geographic	  and	  Seasonal	  Variability	  
6.1	  Introduction	  
Having	  established	  that	  the	  chromatograms	  at	  a	  particular	  location	  are	  suitably	  complex	  to	  
allow	  accurate	  discrimination	  at	  a	  forensically	  relevant	  spatial	  scale	  in	  the	  London	  site	  (see	  
Chapter	  4)	  and	  having	  further	  developed	  the	  sample	  preparation	  and	  data	  analysis	  methods	  
(see	  Chapters	  3	  and	  5)	  such	  that	  the	  technique	  was	  practical	  for	  routine	  use,	  it	  was	  necessary	  
to	  ascertain	  whether	  these	  results	  could	  be	  replicated	  across	  sites	  with	  a	  range	  of	  underlying	  
geologies,	  in	  order	  to	  establish	  whether	  the	  test	  is	  valid	  outside	  of	  London,	  and	  at	  different	  
times	  of	  year,	  to	  test	  the	  robustness	  of	  the	  technique	  to	  seasonal	  changes	  in	  soil	  composition.	  
6.2	  Methodology	  
Samples	  were	  collected	  from	  the	  four	  sites	  described	  in	  Chapter	  5,	  in	  London,	  Edinburgh,	  
Aberdeen	  and	  New	  York	  City,	  at	  regular	  intervals	  over	  an	  eighteen	  month	  period	  and	  the	  
sampling	  plan	  is	  summarised	  in	  Table	  6.1,	  ensured	  that	  one	  set	  of	  results	  allowed	  comparison	  
of	  all	  four	  cities,	  three	  sites	  were	  sampled	  for	  a	  full	  year,	  and	  one	  of	  the	  cities	  was	  sampled	  
over	  all	  six	  time	  points,	  allowing	  year-­‐on-­‐year	  comparisons	  to	  be	  made.	  	  Samples	  were	  initially	  
collected	  in	  London	  in	  June	  2013,	  then	  in	  again	  in	  November	  2013.	  	  All	  four	  cities	  were	  
sampled	  in	  January	  2014,	  and	  the	  three	  UK	  sites	  were	  sampled	  again	  in	  April,	  June	  and	  
November	  2014.	  
Table	  6.1:	  	  Summary	  of	  Sites	  and	  Time	  points	  sampled.	  








x	   x	   x	   x	   x	   x	  
Lochend	  Park,	  
Edinburgh	  
	   	   x	   x	   x	   x	  
Craigiebuckler,	  
Aberdeen	  
	   	   x	   x	   x	   x	  
Central	  Park,	  
New	  York	  City	  
	   	   x	   	   	   	  
	  
Samples	  were	  collected	  and	  stored	  as	  described	  in	  Chapter	  3	  and	  analysed	  using	  the	  final	  
analysis	  method	  described	  in	  Chapter	  5.	  	  All	  peaks	  in	  the	  resulting	  chromatograms	  were	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integrated	  using	  Chemstation	  software	  and	  then	  processed	  in	  Excel	  to	  remove	  peaks	  below	  the	  
LOQ.	  	  	  
The	  two	  HPLC	  peak	  subsets	  discussed	  in	  Chapter	  5	  both	  gave	  good	  accuracy	  in	  sample	  
discrimination,	  as	  presented	  in	  section	  5.3,	  and	  each	  offered	  benefits	  over	  the	  other	  in	  certain	  
case	  circumstances,	  as	  the	  peaks	  in	  set	  A	  gave	  slightly	  better	  accuracy	  rates	  had	  larger	  
responses	  and	  could	  therefore	  be	  detected	  in	  smaller	  amounts	  of	  soil	  in	  cases	  where	  only	  
small	  traces	  of	  sample	  were	  available,	  while	  the	  smaller	  number	  of	  markers	  in	  peak	  set	  B	  
offered	  easier	  and	  quicker	  data	  analysis,	  in	  cases	  where	  speedy	  analysis	  is	  required,	  with	  the	  
additional	  benefit	  of	  potentially	  making	  the	  validation	  of	  the	  technique	  much	  easier,	  quicker	  
and	  cost	  effective.	  	  As	  a	  result	  of	  these	  varied	  benefits,	  both	  peak	  sets	  were	  used	  in	  the	  
analysis	  presented	  in	  this	  chapter.	  	  	  The	  relevant	  peaks	  from	  each	  peak	  set	  were	  extracted	  
from	  the	  Excel	  data	  sets	  and	  CDFA	  was	  performed	  using	  SPSS.	  
6.3	  Results	  
The	  accuracy	  and	  significance	  of	  the	  CDFA	  for	  each	  site	  and	  time	  point	  are	  summarised	  in	  
Table	  6.2	  for	  peak	  set	  A	  and	  Table	  6.3	  for	  peak	  set	  B.	  	  Further	  discussion	  of	  these	  results	  is	  
provided	  for	  each	  individual	  analysis,	  in	  sections	  6.3.1,	  6.3.2,	  6.3.3,	  and	  6.3.4,	  for	  the	  
Edinburgh,	  Aberdeen,	  London	  and	  New	  York	  City	  sites,	  respectively.	  
The	  results	  for	  the	  Winter	  (January	  2014)	  time	  point	  have	  also	  been	  presented	  in	  Chapter	  5	  to	  
discuss	  the	  respective	  merits	  of	  peak	  sets	  A	  and	  B,	  and	  will	  also	  be	  discussed	  in	  Chapter	  7	  in	  
comparison	  to	  the	  results	  obtained	  for	  these	  samples	  using	  more	  established	  geoforensic	  
analytical	  techniques.	  	  The	  data	  for	  the	  Winter	  samples	  are	  therefore	  presented	  in	  this	  chapter	  
only	  to	  examine	  the	  effects	  of	  changing	  the	  geographic	  position	  of	  the	  sampling	  site,	  and	  the	  
time	  of	  year	  that	  the	  samples	  are	  collected	  on	  the	  ability	  to	  reliably	  discriminate	  the	  samples	  
and	  any	  implications	  these	  may	  have	  on	  how	  the	  technique	  could	  be	  used	  in	  practice.	  	  	  





















London	  	   1-­‐3	   2-­‐3	   3	  
Summer	  
2013	  
100.0	   0.000	   0.000	   0.007	   91.7	   7.4	   1.0	  
Autumn	  
2013	  
89.5	   0.009	   0.303	   0.882	   80.0	   18.0	   2.0	  
Winter	  
2014	  





100.0	   0.000	   0.028	   0.361	   81.2	   15.8	   3.0	  
Summer	  
2014	  
100.0	   0.000	   0.035	   0.273	   83.9	   96.7	   100.0	  
Autumn	  
2014	  




100.0	   0.000	   0.000	   0.022	   88.9	   8.3	   2.7	  
Spring	  
2014	  
100.0	   0.045	   0.149	   N/A*	   72.1	   27.9	   N/A*	  
Summer	  
2014	  
100.0	   0.000	   0.019	   0.512	   90.9	   8.5	   0.6	  
Autumn	  
2014	  
100.0	   0.000	   0.027	   N/A*	   90.9	   9.1	   N/A*	  
Aberdeen	   	  
Winter	  
2014	  
94.7	   0.001	   0.147	   0.531	   90.6	   7.8	   1.5	  
Spring	  
2014	  
100.0	   0.000	   0.000	   0.003	   45.0	   34.6	   20.4	  
Summer	  
2014	  
100.0	   0.000	   0002	   0.091	   96.8	   2.7	   0.5	  
Autumn	  
2014	  




100.0	   0.000	   0.000	   0.005	   92.3	   5.8	   1.9	  
*	  Due	  to	  the	  porosity	  of	  the	  soil,	  no	  chromatograms	  could	  be	  obtained	  for	  soils	  Adjacent	  to	  
Fresh	  Water	  in	  Spring	  or	  Autumn	  therefore	  only	  two	  canonical	  functions	  were	  generated,	  
significance	  values	  are	  for	  functions	  1	  and	  2,	  and	  function	  2,	  respectively.	  





















London	  	   1-­‐3	   2-­‐3	   3	  
Summer	  
2013	  
100.0	   0.000	   0.328	   0.711	   95.2	   3.8	   0.9	  
Autumn	  
2013	  
80.0	   0.377	   0.729	   0.841	   67.0	   24.7	   8.4	  
Winter	  
2014	  
90.0	   0.000	   0.041	   0.684	   84.8	   13.9	   1.3	  
Spring	  
2014	  
100.0	   0.000	   0.052	   0.929	   86.4	   13.1	   0.5	  
Summer	  
2014	  
100.0	   0.000	   0.005	   0.119	   87.4	   9.8	   2.8	  
Autumn	  
2014	  






100.0	   0.000	   0.018	   0.397	   62.4	   32.5	   5.0	  
Spring	  
2014	  
100.0	   0.021*	   0.998*	   N/A*	   72.9	   27.1	   N/A*	  
Summer	  
2014	  
94.7	   0.000	   0.000	   0.230	   53.2	   45.0	   1.8	  
Autumn	  
2014	  
100.0	   0.001*	   0.353*	   N/A*	   97.4	   2.6	   N/A*	  
Aberdeen	   	  
Winter	  
2014	  
100.0	   0.000	   0.000	   0.014	   97.4	   2.4	   0.2	  
Spring	  
2014	  
100.0	   0.000	   0.002	   0.161	   74.9	   21.7	   3.5	  
Summer	  
2014	  
100.0	   0.000	   0.000	   0.004	   95.4	   4.1	   0.5	  
Autumn	  
2014	  




100.0	   0.000	   0.000	   0.071	   73.3	   24.1	   2.5	  
	  
6.3.1	  Edinburgh	  	  
6.3.1.1	  HPLC	  Profiles	  for	  Peak	  Set	  A	  
The	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  A	  profiles	  obtained	  at	  Lochend	  Park,	  
Edinburgh	  and	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  A	  as	  variables,	  are	  summarised	  
below	  for	  the	  four	  2014	  time	  points	  detailed	  in	  Table	  6.1.	  
Winter	  2014	  
Figure	  6.1	  presents	  the	  HPLC	  profiles	  for	  peak	  set	  A.	  	  As	  discussed	  in	  Chapter	  5,	  all	  four	  
locations	  within	  Lochend	  Park,	  Edinburgh	  could	  be	  discriminated	  on	  the	  basis	  of	  the	  profiles	  of	  
HPLC	  peak	  set	  A.	  	  The	  peak	  at	  10.8min	  was	  indicative	  of	  soils	  adjacent	  to	  fresh	  water,	  since	  this	  
was	  absent	  at	  the	  other	  three	  locations,	  while	  soils	  from	  unmanaged	  land	  were	  the	  only	  
samples	  that	  did	  not	  contain	  a	  peak	  at	  15.8min.	  	  Woodland	  and	  managed	  grassland	  samples	  
were	  very	  similar	  at	  this	  site,	  however	  at	  the	  managed	  grassland	  location,	  the	  ratio	  of	  the	  peak	  
height	  at	  9min	  relative	  to	  the	  peak	  at	  4.7min	  was	  much	  larger,	  at	  3.5:1,	  than	  for	  woodland	  
samples,	  where	  this	  ratio	  was	  1.5:1.	  	  In	  addition,	  the	  peaks	  at	  20.3	  and	  24.3min	  were	  69%	  and	  
63%	  larger	  for	  managed	  grassland	  than	  the	  peaks	  at	  19.6	  and	  23.6min,	  respectively,	  but	  for	  
woodland	  soils	  these	  peaks	  were	  only	  30%	  and	  26%	  larger.	  	  For	  woodland	  soils	  the	  peak	  at	  
30.4min	  was	  approximately	  equal	  in	  size	  to	  the	  peak	  at	  30.8min,	  while	  for	  managed	  grassland	  




Figure	  6.1	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Edinburgh,	  Winter.	  
	  
The	  statistical	  analysis	  using	  peak	  set	  A	  produced	  three	  canonical	  discriminant	  functions	  
(Figure	  6.2,	  Table	  6.2)	  which	  explained	  88.9%,	  8.3%	  and	  2.7%	  of	  the	  variance	  in	  the	  samples,	  
respectively,	  and	  gave	  100%	  accuracy	  in	  grouping	  the	  samples	  using	  these	  functions,	  and	  this	  
discrimination	  was	  significant	  at	  the	  99%	  confidence	  interval	  (p=	  0.000)	  when	  all	  three	  
functions	  were	  used	  together.	  	  The	  separation	  achieved	  using	  the	  first	  two	  canonical	  functions	  










Figure	  6.2	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  A-­‐	  Edinburgh,	  Winter.	  
	  
Spring	  2014	  
Figure	  6.3	  presents	  the	  results	  of	  the	  HPLC	  analysis	  for	  peak	  set	  A.	  	  The	  soil	  at	  the	  location	  
adjacent	  to	  water	  for	  the	  Edinburgh	  site	  was	  very	  porous	  at	  the	  Spring	  time-­‐point	  and	  
therefore	  was	  so	  absorbent	  that	  it	  was	  not	  possible	  to	  extract	  the	  supernatant	  sample	  liquid	  
for	  injection	  onto	  the	  HPLC,	  therefore	  the	  sample	  set	  contained	  only	  three	  location	  groups.	  	  	  
Nevertheless,	  	  the	  profiles	  for	  HPLC	  peak	  set	  A	  at	  these	  three	  locations	  could	  be	  discriminated	  
visually.	  	  The	  woodland	  soils	  could	  be	  discriminated	  from	  the	  other	  two	  locations	  by	  the	  ratio	  
of	  the	  peak	  at	  9.4min	  to	  the	  peak	  at	  9min,	  which	  was	  5.4:1	  compared	  to	  1.5:1	  for	  managed	  
grassland	  and	  unmanaged.	  	  The	  profiles	  for	  peak	  set	  A	  for	  managed	  grassland	  could	  be	  
distinguished	  from	  those	  for	  unmanaged	  land	  by	  the	  ratio	  of	  the	  peak	  at	  15.5min	  to	  the	  peak	  
at	  15.8min,	  which	  was	  7.7:1	  for	  the	  former	  and	  3.3:1	  for	  the	  latter	  location.	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Figure	  6.3	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Edinburgh,	  Spring	  
	  
The	  CDFA	  (Figure	  6.4,	  Table	  6.	  2)	  produced	  two	  functions	  which	  explained	  	  72.1%	  and	  27.9%	  of	  
the	  variation	  between	  the	  groups,	  respectively.	  	  	  	  The	  analysis	  correctly	  grouped	  the	  samples	  
with	  100%	  accuracy	  and	  the	  discrimination	  between	  the	  groups	  was	  statistically	  significant	  at	  












Figure	  6.4	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  A-­‐	  Edinburgh,	  Spring.	  
	  
Summer	  2014	  
In	  Summer,	  the	  profiles	  for	  peak	  set	  A	  	  (Figure	  6.5)	  in	  soils	  from	  unmanaged	  land	  and	  
woodland	  could	  be	  distinguished	  from	  those	  adjacent	  to	  fresh	  water	  and	  those	  from	  managed	  
grassland	  by	  the	  ratio	  of	  the	  peaks	  at	  9min	  and	  4.7min,	  which	  were	  1:1	  (1.1:1	  and	  0.9:1,	  
respectively)	  for	  the	  former	  pair	  and	  4.2:1	  and	  3:1	  for	  the	  latter	  pair,	  respectively.	  	  Unmanaged	  
land	  and	  woodland	  soils	  could	  be	  distinguished	  from	  one	  another	  since	  the	  largest	  peak	  in	  the	  
former	  was	  at	  14.2min	  at	  while	  the	  largest	  peak	  in	  woodland	  soil	  was	  at	  13.6min,	  and	  soils	  
adjacent	  to	  fresh	  water	  could	  be	  discriminated	  from	  managed	  grassland	  since	  the	  ratio	  
between	  13.6	  and	  12.6	  was	  1:1	  for	  the	  former,	  and	  1.5:1	  for	  the	  latter.	  	  	  
152	  
	  
Figure	  6.5	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Edinburgh,	  Summer	  
	  
The	  statistical	  analysis	  (Figure	  6.6,	  Table	  6.2)	  produced	  three	  canonical	  discriminant	  functions	  
which	  explained	  90.0%,	  8.5%	  and	  0.6%	  of	  the	  variance	  in	  the	  samples,	  respectively	  and	  the	  
samples	  were	  grouped	  with	  100%	  accuracy	  using	  these	  three	  functions.	  	  Furthermore,	  the	  












Figure	  6.6	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  A-­‐	  Edinburgh,	  Summer.	  
	  
Autumn	  2014	  
The	  soils	  at	  the	  Autumn	  time	  point	  at	  the	  location	  adjacent	  to	  fresh	  water	  	  in	  Edinburgh	  were	  
again	  highly	  porous,	  as	  was	  the	  case	  at	  the	  spring	  time	  point,	  which	  meant	  that	  the	  acetonitrile	  
was	  retained	  within	  the	  pores	  in	  the	  soil	  after	  sample	  preparation	  and	  chromatograms	  could	  
not	  be	  obtained	  for	  this	  location.	  	  The	  profiles	  for	  peak	  set	  A	  (Figure	  6.7),	  however,	  allowed	  
visual	  discrimination	  of	  the	  three	  remaining	  locations.	  	  Managed	  grassland	  was	  easily	  
identified	  by	  the	  very	  large	  peak	  at	  30.4min	  which	  was	  over	  three	  times	  larger,	  at	  9.40mV,	  
than	  all	  other	  peaks,	  which	  ranged	  from	  0.55mV	  to	  2.84mV.	  	  	  The	  relative	  size	  of	  the	  peaks	  at	  
9min	  to	  the	  peaks	  at	  9.4min	  allowed	  the	  soils	  from	  woodland	  and	  unmanaged	  land	  to	  be	  
discriminated	  from	  one	  another,	  for	  woodland	  the	  peaks	  were	  3.57mV	  and	  7.24mV	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respectively,	  while	  for	  unmanaged	  land	  the	  same	  peaks	  were	  1.53mV	  and	  8.97mV	  meaning	  
that	  the	  ratio	  was	  three	  times	  larger,	  at	  6:1,	  for	  the	  unmanaged	  land	  than	  it	  was	  for	  woodland,	  
where	  the	  ratio	  was	  2:1.	  
	  
Figure	  6.7	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Edinburgh,	  Autumn 	   	  
	  
For	  these	  profiles,	  the	  CDFA	  (Figure	  6.8,	  Table	  6.2)	  again	  produced	  only	  two	  functions,	  to	  
separate	  the	  three	  groups,	  which	  explained	  90.9%	  and	  9.1%	  of	  the	  variance	  in	  the	  samples.	  	  
The	  functions	  allowed	  the	  samples	  to	  be	  discriminated	  with	  100%	  accuracy	  and	  the	  








Figure	  6.8	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  A-­‐	  Edinburgh,	  Autumn.	  
	  
6.3.1.2	  HPLC	  Profiles	  for	  Peak	  Set	  B	  
	  The	  Peak	  Set	  B	  profiles	  obtained	  at	  Lochend	  Park,	  Edinburgh	  are	  displayed	  below	  for	  visual	  
comparison	  of	  the	  time	  points	  detailed	  in	  Table	  6.1.	  alongside	  the	  results	  of	  the	  CDFA	  using	  the	  
peaks	  in	  set	  B	  as	  variables.	  
Winter	  2014	  
Figure	  6.9	  presents	  the	  profiles	  for	  HPLC	  peak	  set	  B,	  which	  are	  also	  presented	  in	  Chapter	  5,	  and	  
shows	  that	  the	  profiles	  were	  less	  easily	  discriminated	  at	  the	  four	  locations	  in	  Lochend	  Park,	  
Edinburgh,	  however,	  each	  profile	  was	  visibly	  different	  from	  the	  others.	  	  	  The	  woodland	  
samples	  could	  be	  separated	  from	  the	  other	  locations	  in	  that	  they	  had	  large	  peaks	  at	  1.9min,	  
which,	  at	  22.0mV,	  were	  approximately	  ten	  times	  the	  size	  of	  the	  next	  largest	  peaks	  at	  12.2	  and	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19.1min	  at	  2.4	  and	  2.8mV,	  respectively.	  	  	  The	  distinguishing	  feature	  for	  soils	  adjacent	  to	  fresh	  
water	  was	  that	  the	  two	  largest	  peaks	  at	  1.9	  and	  19.1min,	  and	  these	  were	  also	  very	  similar	  in	  
size	  to	  one	  another.	  	  	  The	  largest	  peak	  in	  the	  profiles	  for	  managed	  grassland	  was	  9.8mV,	  which	  
was	  approximately	  twice	  the	  size	  of	  the	  same	  peak	  in	  the	  latter,	  at	  5,6mV,	  and	  the	  small	  peaks	  
present	  in	  the	  managed	  grassland	  profiles	  at	  6.7	  and	  28.5min	  were	  absent	  in	  the	  samples	  from	  
unmanaged	  land,	  allowing	  these	  two	  groups	  to	  be	  separated.	  However	  the	  relative	  uncertainty	  
in	  measurements	  of	  peaks	  at	  this	  low	  level	  is	  far	  greater	  and	  therefore	  there	  can	  be	  much	  less	  
certainty	  in	  the	  visual	  discrimination	  of	  these	  two	  locations	  using	  these	  low	  level	  peaks.	  	  	  
	  
Figure	  6.9	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Edinburgh,	  Winter	  
	  
For	  these	  profiles,	  the	  CDFA	  produced	  three	  functions,	  to	  separate	  the	  four	  groups,	  which	  
explained	  62.4%,	  32.5%	  and	  5.0%	  of	  the	  variance	  in	  the	  samples	  (Figure	  6.10,	  Table	  6.3).	  	  The	  
functions	  allowed	  the	  samples	  to	  be	  discriminated	  with	  100%	  accuracy	  and	  the	  discrimination	  





















































Figure	  6.10	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Edinburgh,	  Winter.	  
	  
Spring	  2014	  
As	  discussed	  for	  peak	  set	  A,	  insufficient	  sample	  aliquots	  could	  be	  extracted	  from	  the	  physical	  
samples,	  therefore	  no	  chromatograms	  were	  obtained	  for	  the	  location	  adjacent	  to	  fresh	  water	  
at	  this	  	  time	  point.	  	  The	  relative	  heights	  of	  the	  peaks	  at	  4.35	  and	  19.1min	  allowed	  the	  
woodland	  soils	  to	  be	  discriminated	  from	  the	  managed	  and	  unmanaged	  locations	  for	  the	  
Edinburgh	  site	  in	  Spring	  (Figure	  6.11).	  	  	  In	  woodland	  soils	  the	  peak	  at	  4.35min	  was	  33%	  larger	  
than	  the	  peak	  at	  19.1min	  and	  the	  ratio	  of	  the	  former	  to	  the	  latter	  was	  0.76:1,	  while	  the	  peak	  at	  
19.1min	  was	  28%	  and	  35%	  smaller	  than	  the	  peak	  at	  4.35min,	  for	  unmanaged	  land	  and	  
managed	  grassland,	  with	  ratios	  of	  1.4:1	  and	  1.5:1,	  respectively.	  	  	  To	  visually	  separate	  the	  
managed	  and	  unmanaged	  locations,	  comparison	  of	  the	  relative	  sixes	  of	  the	  peaks	  at	  13.7min	  
and	  24.5min	  proved	  useful,	  since	  the	  two	  peaks	  were	  of	  roughly	  equal	  size	  for	  unmanaged	  
land,	  with	  a	  ratio	  of	  the	  latter	  to	  the	  former	  at	  0.92:1,	  while	  for	  managed	  grassland	  the	  peak	  at	  
158	  
	  
13.7min	  was	  54%	  smaller	  than	  the	  peak	  at	  24.5min,	  with	  a	  ratio	  of	  the	  latter	  to	  the	  former	  of	  
2.16:1.	  
Figure	  6.11	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Edinburgh,	  Spring 	  
	  
The	  CDFA	  (Figure	  6.12,	  Table	  6.3)	  grouped	  the	  Spring	  samples	  from	  Edinburgh	  with	  100%	  
accuracy,	  and	  the	  discrimination	  was	  statistically	  significant	  at	  the	  95%	  confidence	  level	  
(p=0.021)	  using	  the	  two	  canonical	  functions	  produced	  to	  separate	  the	  three	  sample	  groups,	  





















































Figure	  6.12	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Edinburgh,	  Spring.	  
	  
Summer	  2014	  
The	  four	  location	  types	  in	  Lochend	  Park	  could	  be	  readily	  separated	  by	  visual	  comparison	  of	  the	  
profiles	  obtained	  for	  peak	  set	  B	  (Figure	  6.13).	  	  	  	  Ranking	  the	  peaks	  by	  size	  order	  was	  very	  useful	  
for	  comparing	  the	  samples	  in	  this	  data	  set,	  	  managed	  grassland	  was	  characterised	  by	  having	  
the	  two	  largest	  peaks	  at	  1.9min	  and	  4.35min,	  which	  were	  approximately	  equal	  in	  size,	  at	  5.69	  
and	  5.62mV	  and	  were	  94%	  and	  91%,	  respectively,	  	  larger	  than	  the	  next	  largest	  peak	  at	  	  15min	  
at	  2.94mV.	  	  The	  unmanaged	  land	  also	  had	  two	  large,	  approximately	  equally	  sized	  peaks	  at	  
1.9min	  and	  4.35min,	  however,	  at	  4.02mV	  and	  3.95mV	  respectively,	  these	  were	  ranked	  second	  
160	  
	  
and	  third	  after	  the	  largest	  peak,	  at	  13.7min,	  which	  was	  36%	  and	  38%	  larger,	  	  respectively,	  at	  
5.46mV.	  	  At	  the	  woodland	  location,	  the	  peaks	  at	  1.9min,	  4.35min	  ,	  and	  13.7min	  were	  also	  the	  
three	  largest	  peaks,	  however	  they	  were	  ranked	  differently	  from	  the	  unmanaged	  land	  and	  were	  
first,	  third	  and	  second	  largest,	  respectively	  and	  the	  peak	  at	  1.9min	  was	  32%	  larger	  than	  the	  
peak	  at	  4.35min,	  at	  4.86mV	  and	  3.69mV	  respectively,	  not	  equally	  sized	  as	  was	  the	  case	  for	  the	  
unmanaged	  land.	  	  Unlike	  the	  other	  locations,	  the	  peaks	  at	  1.9min	  and	  4.35min	  were	  not	  major	  
components	  of	  the	  profiles	  for	  soils	  adjacent	  to	  fresh	  water.	  	  Here,	  the	  largest	  peak	  was	  at	  
13.7min	  and	  this	  peak	  was	  51%	  	  and	  91%	  larger	  than	  the	  second	  and	  third	  largest	  peaks	  at	  
13.2min	  and	  19.1min,	  respectively.	  
Figure	  6.13	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Edinburgh,	  Summer 	  
	  
In	  the	  CDFA	  (Figure	  6.14,	  Table	  6.3)	  for	  Edinburgh	  at	  the	  Summer	  time	  point,	  one	  woodland	  
sample	  was	  misclassified	  as	  unmanaged	  land	  and	  the	  accuracy	  of	  grouping	  was	  94.7%.	  	  The	  
analysis	  resulted	  in	  a	  discrimination	  that	  was	  100%	  accurate	  and	  statistically	  significant	  at	  the	  
99%	  confidence	  level	  (p=0.000).	  	  The	  three	  discriminant	  functions	  explained	  62.4%,	  32.5%,	  and	  




























































Figure	  6.14	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Edinburgh,	  Summer.	  
	  
Autumn	  2014	  
	  Insufficient	  sample	  aliquots	  could	  be	  extracted	  from	  the	  porous	  soil	  at	  the	  location	  adjacent	  to	  
fresh	  water	  at	  this	  time	  point,	  therefore	  no	  chromatograms	  were	  obtained	  for	  these	  samples.	  	  
The	  woodland	  soils	  were	  more	  easily	  characterised,	  visually	  (Figure	  6.15),	  since	  the	  primary	  
peak	  was	  at	  12.2min	  and	  was	  49%	  larger	  than	  the	  next	  largest	  peak	  at	  15min,	  whereas	  it	  was	  
30%	  smaller	  for	  managed	  grassland	  and	  35%	  smaller	  for	  unmanaged	  land.	  	  	  The	  ratio	  of	  the	  
peaks	  at	  15min	  to	  those	  at	  1.9min	  allowed	  the	  managed	  and	  unmanaged	  land	  to	  be	  
discriminated	  on	  the	  basis	  of	  visual	  assessment	  as	  the	  ratio	  of	  the	  two	  peaks	  was	  8:1,	  




Figure	  6.15	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Edinburgh,	  Autumn 	  
	  
	  
The	  discrimination	  produced	  in	  the	  CDFA	  (Figure	  6.16,	  Table	  6.3)	  was	  100%	  accurate	  in	  
grouping	  the	  samples	  and	  was	  statistically	  significant	  at	  the	  99%	  confidence	  level	  (p=0.000).	  	  
The	  two	  resultant	  functions	  accounted	  for	  97.4%	  and	  2.6%	  of	  the	  variation	  between	  the	  three	  

























































Figure	  6.16	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Edinburgh,	  Autumn.	  
	  
	  
6.3.2	  Aberdeen	  	  
6.3.2.1	  HPLC	  Profiles	  for	  Peak	  Set	  A	  
The	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  A	  profiles	  obtained	  at	  Craigiebuckler,	  
Aberdeen	  and	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  A	  as	  variables,	  are	  summarised	  




As	  discussed	  in	  Chapter	  5,	  it	  was	  possible	  to	  visually	  discriminate	  the	  profiles	  for	  HPLC	  peak	  set	  
A	  allowed	  each	  of	  the	  four	  locations	  in	  Craigiebuckler	  Estate,	  Aberdeen	  (Figure	  6.17).	  	  The	  
largest	  peak	  present	  in	  The	  managed	  grassland	  samples	  could	  be	  discriminated	  by	  having	  their	  
largest	  peak	  at	  9.4min,	  which	  was	  distinct	  from	  the	  other	  three	  locations.	  	  For	  the	  profiles	  of	  
soils	  adjacent	  to	  fresh	  water,	  the	  largest	  peak	  was	  at	  10.8min,	  which	  also	  differed	  from	  the	  
other	  locations,	  and	  these	  profiles	  were	  also	  distinct	  from	  the	  managed	  grassland	  and	  
unmanaged	  land	  through	  the	  absence	  of	  a	  peak	  at	  9min.	  Woodland	  soil	  profiles	  were	  
discernible	  from	  the	  unmanaged	  land	  and	  managed	  grassland	  through	  the	  absence	  of	  the	  peak	  
at	  9min	  and	  the	  large	  relative	  height	  of	  the	  peak	  at	  30.8min.	  	  The	  highest	  peak	  in	  the	  profile	  of	  
the	  samples	  from	  unmanaged	  land	  was	  at	  30.4min,	  and	  these	  samples	  could	  also	  be	  
discriminated	  by	  presence	  of	  the	  peak	  at	  9	  min	  and	  the	  absence	  of	  a	  peak	  at	  12.6min.	  	  	  
Figure	  6.17	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Aberdeen,	  Winter 	  
	  
The	  discrimination	  produced	  in	  the	  CDFA	  (Figure	  6.18,	  Table	  6.2)	  was	  94.7%	  accurate	  in	  
grouping	  the	  samples	  and	  was	  statistically	  significant	  at	  the	  99%	  confidence	  level	  (p=0.001).	  	  
The	  resultant	  functions	  accounted	  for	  90.6%	  ,7.8%,	  and	  1.5%	  of	  the	  variation	  between	  the	  
three	  sample	  groups.	  	  One	  sample	  from	  the	  unmanaged	  location	  was	  misclassified	  as	  a	  











































































































































































Figure	  6.18	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  Aberdeen,	  Winter.	  
	  
Spring	  2014	  
The	  profiles	  for	  each	  of	  the	  locations	  at	  the	  Craigiebuckler	  site	  were	  visually	  distinct	  (Figure	  
6.19),	  and	  each	  location	  had	  large,	  major	  components	  that	  were	  different	  from	  every	  other	  
location.	  	  The	  location	  adjacent	  to	  fresh	  water	  had	  a	  major	  peak	  at	  30.4min	  that	  was	  5.95mV,	  
and	  was	  50%	  larger	  than	  the	  next	  largest	  peak	  at	  10.8min.	  	  Unmanaged	  land	  also	  produced	  
profiles	  where	  the	  peak	  at	  30.4min	  was	  the	  largest	  peak	  present,	  at	  7.16mV,	  however	  in	  this	  
case	  the	  next	  largest	  peaks	  were	  those	  at	  9min	  and	  9.4min,	  which	  were	  both	  35%	  smaller	  than	  
the	  major	  peak,	  at	  4.65mV	  and	  4.62mV,	  respectively.	  	  The	  major	  peak	  for	  managed	  grassland	  
was	  at	  10min,	  and	  at	  6.83mV	  was	  more	  than	  twice	  the	  size	  of	  the	  second	  largest	  peak,	  at	  
9.4min,	  which	  was	  2.86mV.	  	  Woodland	  soils	  produced	  profiles	  for	  peak	  set	  B	  that	  where	  the	  
major	  peaks	  were	  at	  9.4min	  and	  10min	  which,	  at	  7.5mV	  and	  6.5mV,	  were	  significantly	  larger	  





Figure	  6.19	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Aberdeen,	  Spring 	  
	  
The	  statistical	  analysis	  (Figure	  6.20,	  Table	  6.2)	  produced	  three	  canonical	  discriminant	  functions	  
which	  explained	  45.0%,	  34.6%	  and	  20.4%	  of	  the	  variance	  in	  the	  samples,	  respectively	  and	  the	  
samples	  were	  grouped	  with	  100%	  accuracy	  using	  these	  three	  functions.	  	  Furthermore,	  the	  




























































































































































































































































































Figure	  6.20	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  Aberdeen,	  Spring. 	  
	  
Summer	  2014	  
In	  Summer,	  the	  peak	  set	  A	  profiles	  for	  Aberdeen	  were	  could	  be	  discriminated	  visually	  (Figure	  
6.21),	  with	  the	  two	  largest	  peaks	  in	  each	  profile	  being	  a	  simple	  method	  of	  telling	  the	  locations	  
apart	  from	  one	  another.	  	  For	  woodland,	  the	  two	  largest	  peaks	  were	  at	  4.7min	  and	  9min,	  at	  
1.2mV	  and	  1.1mV,	  respectively,	  while	  for	  unmanaged	  land	  the	  two	  largest	  peaks	  were	  at	  
30.4min	  and	  4.7min	  with	  peak	  heights	  of	  5.6mV	  and	  3.3mV.	  	  For	  the	  soils	  adjacent	  to	  fresh	  
water	  the	  two	  largest	  peaks	  were	  also	  4.7min	  and	  30.4min,	  however	  the	  size	  order	  was	  
reversed	  and	  the	  peaks	  were	  3.6mV	  and	  1.8mV,	  respectively.	  	  	  The	  two	  largest	  peaks	  in	  the	  
profiles	  obtained	  for	  managed	  grassland	  were	  at	  9.4min	  and	  12.2min	  with	  heights	  of	  5.9mV	  




Figure	  6.21	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Aberdeen,	  Summer 	  
	  
The	  statistical	  analysis	  using	  peak	  set	  A	  produced	  three	  canonical	  discriminant	  functions	  
(Figure	  6.22,	  Table	  6.2)	  which	  explained	  96.8%,	  2.7%	  and	  0.5%	  of	  the	  variance	  in	  the	  samples,	  
respectively,	  and	  gave	  100%	  accuracy	  in	  grouping	  the	  samples	  using	  these	  functions,	  and	  this	  
discrimination	  was	  significant	  at	  the	  99%	  confidence	  interval	  (p=	  0.000)	  when	  all	  three	  
functions	  were	  used	  together.	  	  The	  separation	  achieved	  using	  the	  first	  two	  canonical	  functions	  
































































































































































































































































































Figure	  6.22	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  Aberdeen,	  Summer.	  
	  
Autumn	  2014	  
The	  profiles	  for	  the	  Craigiebuckler	  site	  in	  Autumn	  displayed	  mostly	  relatively	  small	  peaks,	  and	  
the	  comparison	  of	  the	  largest	  two	  peaks	  in	  the	  profiles	  was	  sufficient	  to	  classify	  the	  samples	  in	  
this	  data	  set	  (Figure	  6.23).	  	  For	  managed	  grassland	  the	  largest	  two	  peaks	  were	  at	  10min	  with	  a	  
height	  of	  6.8mV,	  and	  9.4min	  with	  a	  height	  of	  2.9mV.	  	  For	  the	  soils	  adjacent	  to	  fresh	  water,	  the	  
two	  tallest	  peaks	  were	  at	  30.4min,	  where	  the	  peak	  was	  5.9mV,	  and	  at	  10.8min	  where	  the	  peak	  
height	  was	  4.0mV.	  	  For	  the	  soils	  from	  the	  unmanaged	  locations	  30.4min	  where	  the	  peak	  was	  
7.2mV,	  and	  9	  min	  and	  9.4min	  where	  the	  peak	  heights	  were	  both	  4.6mV.	  	  The	  woodland	  soils	  




Figure	  6.23	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  Aberdeen,	  Autumn 	  
	  	  
The	  CDFA	  (Figure	  6.24,	  Table	  6.2)	  provided	  100%	  accuracy	  using	  these	  profiles,	  and	  this	  
discrimination	  was	  statistically	  significant	  at	  the	  99%	  confidence	  level	  (p=0.000)	  .	  	  The	  three	  





























































































































































































































































































Figure	  6.24	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  Aberdeen,	  Autumn.	  
	  
6.3.2.2	  HPLC	  Profiles	  for	  Peak	  Set	  B	  
This	  section	  outlines	  the	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  B	  profiles	  obtained	  at	  
Craigiebuckler,	  Aberdeen	  and	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  B	  as	  variables	  for	  
the	  four	  2014	  time	  points	  detailed	  in	  Table	  6.1.	  
Winter	  2014	  
As	  discussed	  in	  Chapter	  5,	  the	  samples	  from	  the	  four	  locations	  within	  the	  Craigiebuckler	  Estate	  
could	  clearly	  be	  distinguished	  through	  visual	  comparison	  of	  peak	  set	  B	  profiles	  in	  Winter	  
(Figure	  6.25).	  	  The	  retention	  time	  of	  and	  ratio	  between	  the	  two	  largest	  peaks	  at	  each	  location	  
were	  useful	  features	  for	  discriminating	  the	  samples	  from	  soils	  adjacent	  to	  fresh	  water,	  which	  
had	  two	  large,	  similarly	  sized	  peaks	  at	  1.9	  and	  28.5min,	  from	  the	  managed	  grassland	  samples,	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for	  which	  the	  largest	  peak	  was	  at	  1.9min	  and	  next	  largest	  at	  12.2min.	  	  The	  ratio	  of	  the	  largest	  
peak	  at	  12.2min	  to	  the	  next	  largest	  peak	  at	  1.9min	  was	  greater	  for	  woodland	  soils	  at	  8:1,	  than	  
for	  the	  unmanaged	  location	  at	  3:1,	  and	  woodland	  soils	  were	  also	  missing	  the	  peaks	  at	  4.35	  and	  
6.73min	  that	  were	  present	  at	  the	  unmanaged	  location.	  	  	  	  
Figure	  6.25	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Aberdeen,	  Winter 	  
	  
In	  Winter,	  100.0%	  accuracy	  was	  achieved	  when	  grouping	  the	  Aberdeen	  samples	  using	  the	  
three	  functions	  produced	  in	  the	  CDFA	  for	  peak	  set	  B	  (Figure	  6.26,	  Table	  6.3),	  which	  explained	  
97.4%,	  2.4%	  and	  0.2%	  of	  the	  variation	  in	  the	  samples,	  and	  this	  discrimination	  was	  statistically	  


























































Figure	  6.26	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Aberdeen,	  Winter.	  
	  
Spring	  2014	  
There	  were	  few	  large	  peaks	  in	  the	  peak	  set	  B	  profiles	  for	  the	  location	  adjacent	  to	  fresh	  water	  
at	  the	  spring	  time	  point	  at	  the	  Aberdeen	  site	  (Figure	  6.27),	  and	  all	  but	  one	  of	  the	  peaks	  present	  
were	  in	  the	  range	  of	  0.5mV	  to	  3.5mV,	  therefore	  these	  soils	  were	  easily	  discriminated	  from	  the	  
other	  locations	  by	  the	  presence	  of	  single	  large	  peak	  of	  31.9mV	  at	  28.5	  min.	  	  The	  managed	  
grassland	  soil	  profiles	  also	  had	  their	  main	  peak	  at	  28.5min,	  with	  an	  average	  height	  of	  2.9mV,	  
however	  these	  soils	  were	  easy	  to	  visually	  separate	  from	  the	  soils	  adjacent	  to	  fresh	  water	  due	  
to	  the	  relative	  sizes	  of	  the	  other	  peaks,	  which	  were	  in	  the	  range	  of	  0.1-­‐1.4mV,	  so	  the	  ratio	  of	  
the	  peak	  at	  28.5min	  to	  any	  other	  peak	  was	  much	  lower	  for	  managed	  soils,	  for	  instance	  the	  
ratio	  of	  the	  peak	  at	  28.5min	  to	  the	  peak	  at	  15min	  was	  1.8:1,	  whereas	  the	  same	  ratio	  was	  
10.6:1.	  	  The	  peak	  at	  28.5min	  was	  absent	  from	  the	  profiles	  of	  the	  soils	  from	  both	  unmanaged	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land	  and	  woodland,	  and	  these	  two	  locations	  could	  be	  discriminated	  from	  one	  another	  through	  
comparison	  of	  the	  relative	  sizes	  of	  the	  peaks	  at	  15min	  and	  19.1min,	  since	  the	  peak	  at	  15min	  
was	  15%	  larger	  than	  the	  peak	  at	  19.1min	  for	  the	  unmanaged	  land	  but	  113%	  larger	  for	  the	  
woodland	  soils.	  
	  
Figure	  6.27	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Aberdeen,	  Spring 	  
	  
Using	  the	  data	  for	  peak	  set	  B,	  the	  Spring	  samples	  from	  Aberdeen	  were	  again	  grouped	  with	  
100%	  accuracy	  by	  CDFA	  (Figure	  6.28,	  Table	  6.3),	  and	  the	  discrimination	  was	  significant	  at	  the	  
99%	  confidence	  interval	  (p=0.000)	  	  The	  three	  functions	  produced	  in	  the	  CDFA	  were	  responsible	  






























































Figure	  6.28	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Aberdeen,	  Spring	  
	  	  
Summer	  2014	  
The	  peak	  set	  B	  profiles	  for	  the	  Craigiebuckler	  site	  in	  Summer	  displayed	  2-­‐3	  major	  peaks	  at	  each	  
location	  which	  allowed	  the	  different	  locations	  to	  be	  distinguished	  (Figure	  6.29).	  	  For	  the	  
managed	  grassland,	  the	  profiles	  could	  be	  identified	  by	  three	  prominent	  peaks	  at	  1.9min,	  
12.2min	  and	  15min,	  which	  were	  2.0mV,	  3.5mV	  and	  5.9mV	  in	  height,	  while	  all	  other	  peaks	  were	  
in	  the	  range	  0.2mV	  to	  1.2mV.	  	  The	  soils	  from	  locations	  adjacent	  to	  fresh	  water	  were	  
characterised	  by	  two	  large	  peaks	  at	  1.9min	  and	  28.5min,	  at	  4.2mV	  and	  11.5mV	  in	  height	  
respectively,	  while	  all	  other	  quantifiable	  peaks	  present	  were	  in	  the	  range	  0.4mV	  to	  1.4mV.	  	  The	  
profiles	  from	  woodland	  soils	  and	  those	  from	  unmanaged	  land	  were	  both	  characterised	  by	  
having	  their	  two	  largest	  peaks	  at	  1.9min	  and	  26.9min,	  however	  the	  size	  order	  was	  reversed	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between	  the	  two	  locations;	  the	  peak	  at	  1.9min	  was	  200%	  larger	  than	  the	  peak	  at	  26.9min	  for	  
the	  unmanaged	  land	  but	  was	  19%	  smaller	  for	  woodland	  soils.	  	  	  
Figure	  6.29	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Aberdeen,	  Summer 	  
	  
The	  CDFA	  (Figure	  6.30,	  Table	  6.3)	  on	  the	  data	  for	  peak	  set	  B	  also	  produced	  functions	  that	  
afforded	  100%	  accuracy	  in	  grouping	  the	  samples	  from	  Aberdeen	  in	  Summer,	  which	  accounted	  
for	  95.4%,	  4.1%,	  and	  0.5%	  of	  the	  difference	  between	  the	  sample	  groups.	  	  The	  discrimination	  
































































Figure	  6.30	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Aberdeen,	  Summer	  
	  
Autumn	  2014	  
At	  the	  Autumn	  time	  point	  (Figure	  6.31),	  the	  peak	  set	  B	  profiles	  for	  the	  Craigiebuckler	  site	  could	  
be	  separated	  into	  two	  groups,	  since	  the	  peaks	  at	  12.2min	  and	  13.7min	  were	  absent	  from	  the	  
profiles	  of	  the	  soils	  from	  both	  managed	  grassland	  and	  locations	  adjacent	  to	  fresh	  water,	  but	  
present	  in	  the	  woodland	  soils	  and	  those	  from	  unmanaged	  land.	  	  The	  locations	  adjacent	  to	  
fresh	  water	  and	  the	  managed	  grassland	  profiles	  could	  be	  separated	  by	  the	  relative	  sizes	  of	  the	  
peaks	  at	  15min,	  which	  at	  1.1mV	  was	  the	  largest	  peak	  for	  the	  managed	  grassland	  soils,	  and	  the	  
peak	  at	  26.9min,	  which	  at	  2.8mV	  was	  the	  largest	  peak	  for	  the	  locations	  adjacent	  to	  fresh	  
water.	  	  The	  earlier	  eluting	  peak	  was	  89%	  smaller	  than	  the	  later	  eluting	  peak	  for	  the	  managed	  
grassland	  while	  it	  was	  44%	  larger	  for	  the	  soils	  adjacent	  to	  fresh	  water.	  	  	  In	  addition,	  the	  
unmanaged	  land	  and	  woodland	  soils	  could	  be	  distinguished	  since	  the	  peaks	  at	  4.35min	  and	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15min	  were	  approximately	  equal	  for	  the	  unmanaged	  land,	  at	  1.70mV	  and	  1.79mV	  respectively,	  
while	  for	  woodland	  the	  peak	  at	  4.35min	  was	  39%	  larger	  than	  the	  peak	  at	  15min.	  	  	  
Figure	  6.31	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  Aberdeen,	  Autumn 	  
	  
The	  accuracy	  of	  sample	  groupings	  for	  the	  peak	  set	  B	  data	  was	  95%	  for	  Aberdeen	  in	  Autumn,	  as	  
one	  of	  the	  managed	  grassland	  samples	  was	  misclassified	  as	  having	  originated	  from	  the	  location	  
adjacent	  to	  fresh	  water	  using	  the	  first	  three	  canonical	  functions,	  which	  produced	  60.7%,	  24.5%	  
and	  14.7%	  of	  the	  variation	  in	  the	  data.	  	  This	  discrimination,	  however,	  was	  not	  statistically	  






























































Figure	  6.32	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  Aberdeen,	  Autumn	  
	  
6.3.3	  London	  
6.3.3.1	  HPLC	  Profiles	  for	  Peak	  Set	  A	  
The	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  A	  profiles	  obtained	  at	  Brockwell	  Park,	  
London	  are	  presented	  below,	  alongside	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  A	  as	  
variables	  for	  the	  six	  time	  points	  detailed	  in	  Table	  6.1	  
Summer	  2013	  
The	  profiles	  for	  the	  soils	  adjacent	  to	  fresh	  water	  were	  distinct	  in	  having	  the	  peak	  at	  11.6min	  as	  
the	  most	  prominent	  peak,	  at	  30.9mV,	  compared	  to	  the	  next	  tallest	  peak	  at	  18.8min,	  which	  was	  
24.7mV	  in	  height,	  while	  the	  peak	  at	  18.8min	  was	  the	  largest	  peak	  for	  all	  other	  locations	  (Figure	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6.33).	  	  Managed	  grassland	  was	  distinct	  from	  both	  woodland	  soils	  and	  those	  from	  unmanaged	  
land	  in	  that	  the	  	  peak	  at	  23.6min	  was	  30%	  larger,	  at	  2.24mV,	  than	  the	  peak	  at	  27.3min,	  which	  
was	  1.72mV,	  while	  for	  the	  woodland	  soils	  the	  earlier	  peak	  was	  28%	  smaller,	  at	  3.57mV	  than	  
the	  later	  peak,	  which	  was	  5.00mV	  in	  height,	  and	  for	  the	  woodland	  soils	  the	  earlier	  peak	  was	  
7%	  smaller	  than	  the	  later	  peak,	  with	  peak	  heights	  of	  13.48mV	  and	  14.49mV,	  respectively.	  	  	  	  The	  
size	  difference	  between	  the	  peaks	  at	  11.6min	  and	  18.8min	  provided	  an	  additional	  way	  of	  
separating	  the	  profiles	  of	  the	  soils	  from	  unmanaged	  land	  and	  woodland,	  	  since	  there	  was	  an	  
increase	  of	  18%	  for	  the	  former	  location	  compared	  to	  an	  increase	  of	  	  72%	  for	  the	  latter.	  	  	  
Figure	  6.33	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Summer	  2013 	  
	  
The	  CDFA	  (Figure	  6.34,	  Table	  6.2)	  for	  this	  data	  set	  grouped	  the	  samples	  with	  100%	  accuracy	  
using	  three	  canonical	  functions,	  which	  accounted	  for	  91.7%,	  7.4%,	  and	  1.0%	  of	  the	  variation	  in	  







































































































































































Figure	  6.34	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Summer	  2013	  
	  
Autumn	  2013	  
The	  peak	  set	  A	  profiles	  (Figure	  6.35)	  of	  the	  woodland	  soils	  were	  the	  most	  obviously	  different	  
from	  the	  other	  locations	  at	  the	  Autumn	  2013	  time	  point	  at	  the	  London	  site,	  since	  the	  peak	  at	  
15.3	  was	  	  the	  most	  prominent	  peak,	  which	  was	  56%	  larger	  in	  height,	  at	  52.4mV,	  than	  the	  next	  
largest	  peak	  at	  9.4min,	  which	  was	  33.5mV.	  	  In	  contrast	  the	  two	  most	  prominent	  peaks	  were	  at	  
14.2min	  and	  18.8min	  at	  the	  other	  three	  locations,	  where	  the	  	  difference	  in	  size	  between	  the	  
peak	  at	  14.2	  min	  and	  the	  peak	  at	  18.8min	  was	  much	  smaller,	  ranging	  from	  -­‐12%	  to	  2%.	  	  	  The	  
ratio	  of	  the	  peak	  height	  10.8min	  compared	  to	  the	  peak	  height	  at	  10min	  was	  indicative	  of	  the	  
profiles	  at	  the	  unmanaged	  location,	  at	  4.5:1,	  while	  the	  peaks	  were	  more	  close	  in	  size	  for	  the	  
profiles	  of	  the	  soils	  from	  managed	  grassland	  and	  the	  location	  adjacent	  to	  fresh	  water,	  where	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the	  same	  peak	  ratios	  were	  2.1:1	  and	  1.6:1,	  respectively.	  	  The	  profiles	  or	  the	  soils	  from	  the	  
locations	  adjacent	  to	  fresh	  water	  and	  managed	  grassland	  were	  visually	  very	  similar,	  and	  the	  
most	  clearly	  visible	  difference	  in	  the	  profiles	  was	  the	  increase	  in	  height	  between	  the	  peaks	  at	  
13.6min	  and	  15.3min,	  which	  was	  49%	  for	  the	  managed	  grassland	  but	  only	  16%	  for	  the	  location	  
adjacent	  to	  fresh	  water.	  
Figure	  6.35	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Autumn	  2013 	  
	  
The	  discrimination	  produced	  with	  the	  peak	  set	  A	  data	  (Figure	  6.36,	  Table	  6.2)	  was	  89.5%	  
accurate	  in	  grouping	  the	  samples	  collected	  in	  Autumn	  2013	  from	  the	  London	  site.	  	  The	  
functions	  explained	  80.0%,	  18.0%	  and	  2.0%	  of	  the	  differences	  between	  the	  groupings	  
produced,	  and	  this	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  confidence	  interval	  
(p=0.009).	  	  Using	  this	  data	  set	  two	  samples	  were	  misclassified,	  one	  sample	  that	  was	  originally	  













































































































































































Figure	  6.36	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Autumn	  2013	  
	  
Winter	  2014	  
All	  four	  locations	  within	  Brockwell	  Park,	  London	  could	  be	  distinguished	  by	  the	  profiles	  of	  HPLC	  
peak	  set	  A	  (Figure	  6.37),	  as	  discussed	  in	  Chapter	  5.	  	  	  Samples	  adjacent	  to	  fresh	  water	  were	  
distinct	  since	  the	  size	  order	  for	  the	  peaks	  at	  4.7,	  9.4	  and	  10min	  was	  different	  from	  the	  other	  
three	  locations,	  and	  due	  to	  the	  absence	  of	  the	  peaks	  at	  9	  and	  10.8min.	  	  Discrimination	  of	  
managed	  grassland	  from	  woodland	  and	  unmanaged	  land	  was	  achieved	  through	  comparison	  of	  
the	  size	  of	  the	  peak	  at	  9.4min,	  since	  the	  ratio	  of	  this	  peak	  compared	  with	  the	  peak	  at	  9min	  was	  
larger	  for	  managed	  grassland,	  at	  3:1,	  than	  for	  both	  unmanaged	  land	  and	  woodland,	  at	  1.3:1	  
and	  1.4:1,	  respectively.	  Woodland	  soil	  profiles	  differed	  from	  the	  other	  locations	  as	  the	  
magnitudes	  of	  the	  peaks	  were	  more	  than	  double	  those	  of	  the	  other	  sites,	  while	  the	  relatively	  
high	  ratio	  of	  2.5:1	  for	  the	  peak	  at	  15.3min,	  relative	  to	  the	  peak	  at	  9min,	  for	  woodland	  samples	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separated	  these	  samples	  from	  unmanaged	  land	  where	  the	  ratio	  was	  1.2:1.	  Furthermore	  the	  
two	  tallest	  peaks	  were	  4.7	  and	  12.2min	  for	  soils	  adjacent	  to	  fresh	  water,	  whereas	  the	  largest	  
peaks	  were	  at	  9.4	  and	  15.3min	  for	  woodland	  soils.	  
Figure	  6.37	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Winter	   	  
	  
100%	  accuracy	  in	  grouping	  samples	  from	  London	  in	  Winter	  was	  achieved	  using	  peak	  set	  A	  in	  
the	  CDFA	  (Figure	  6.38,	  Table	  6.2).	  	  This	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  
confidence	  interval	  (p=0.000)	  and	  the	  three	  functions	  produced	  explained	  	  89.7%,	  7.0%	  and	  
























































































































































































































































































Figure	  6.38	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Winter	  	  
	  
Spring	  2014	  
The	  peak	  set	  A	  profiles	  (Figure	  6.39)	  for	  the	  soils	  from	  woodland	  could	  be	  discriminated	  from	  
the	  other	  locations	  at	  the	  Spring	  2014	  time	  point	  through	  the	  absence	  of	  the	  peak	  at	  10.8min	  
in	  addition	  to	  the	  absence	  of	  the	  peak	  at	  9min,	  	  while	  the	  presence	  of	  the	  peak	  9min,	  in	  
combination	  with	  the	  absence	  of	  the	  peak	  at	  10.8min,	  was	  indicative	  of	  unmanaged	  soils.	  	  	  The	  
remaining	  locations,	  from	  the	  soils	  adjacent	  to	  fresh	  water	  and	  managed	  grassland,	  could	  be	  
discriminated	  by	  the	  relative	  heights	  of	  the	  peaks	  at	  9.4min	  compared	  to	  the	  peak	  at	  9min,	  as	  
the	  peak	  at	  9.4min	  was	  far	  larger	  than	  the	  peak	  at	  9min	  for	  the	  location	  adjacent	  to	  fresh	  






Figure	  6.39	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Spring 	  
	  
The	  functions	  produced	  in	  the	  CDFA	  for	  samples	  from	  London	  in	  Spring	  	  (Figure	  6.40,	  Table	  6.2)	  
explained	  81.2%,	  15.8%	  and	  3.0%	  of	  the	  resulting	  variation	  in	  the	  samples,	  producing	  a	  










































































































































































Figure	  6.40	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Spring	  
	  
Summer	  2014	  
At	  the	  Summer	  2014	  time	  point	  (Figure	  6.41),	  the	  profiles	  of	  the	  soils	  from	  the	  woodland	  
location	  could	  be	  discriminated	  from	  all	  others	  by	  the	  prominence	  of	  the	  peak	  at	  9.4min,	  
which	  was	  the	  largest	  peak	  for	  this	  location	  but	  not	  the	  others,	  and	  the	  difference	  in	  height	  
between	  the	  peaks	  at	  4.7min	  and	  9min,	  the	  peak	  at	  9min	  was	  only	  38%	  larger	  than	  the	  peak	  at	  
4.7min,	  while	  the	  size	  increase	  was	  118%	  for	  the	  location	  adjacent	  to	  fresh	  water,	  170%	  for	  the	  
managed	  grassland,	  and	  149%	  for	  the	  unmanaged	  land.	  	  The	  ratio	  of	  the	  heights	  of	  the	  peaks	  
at	  15.5min	  compared	  to	  the	  peaks	  at	  15.8min	  allowed	  the	  locations	  adjacent	  to	  fresh	  water	  to	  
be	  excluded	  from	  the	  remaining	  two	  locations,	  as	  the	  ratio	  was	  only	  1.6:1	  compared	  to	  4.4:1	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for	  both	  the	  managed	  grassland	  and	  unmanaged	  land.	  	  	  	  The	  profiles	  for	  the	  managed	  
grassland	  and	  unmanaged	  land	  were	  the	  most	  visually	  similar,	  however	  these	  locations	  could	  
be	  discriminated	  by	  the	  differences	  in	  the	  absolute	  peak	  heights,	  which	  ranged	  from	  3.25mV	  
to	  24.07mV	  for	  the	  managed	  grassland,	  but	  were	  far	  larger	  for	  the	  unmanaged	  land,	  where	  the	  
peak	  heights	  were	  in	  the	  range	  of	  	  7.07mV	  to	  48.91mV.	  	  	  In	  addition,	  the	  relative	  heights	  of	  the	  
peaks	  at	  10min	  and	  10.8min	  allowed	  the	  two	  profiles	  to	  be	  discriminated,	  as	  the	  earlier	  peak	  
was	  approximately	  twice	  the	  size	  of	  the	  peak	  at	  10.8min	  for	  managed	  grassland,	  with	  peak	  
heights	  of	  8.28mV	  and	  4.17mV,	  however	  for	  the	  unmanaged	  location,	  the	  peak	  at	  10min	  was	  
only	  43%	  larger,	  at	  12.41mV,	  than	  the	  peak	  at	  10.8min,	  which	  was	  8.67mV	  in	  height.	  	  	  
Figure	  6.41	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Summer	  2014	   	  
	  	  
For	  the	  Summer	  2014	  time	  point,	  the	  London	  data	  for	  peak	  set	  A	  gave	  100%	  accuracy	  in	  the	  
CDFA	  (Figure	  6.42,	  Table	  6.2),	  and	  this	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  
confidence	  interval	  (p=0.000).	  	  The	  three	  canonical	  functions	  produced	  in	  this	  analysis	  




































































































































































Figure	  6.42	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Summer	  2014	  
	  
Autumn	  2014	  
The	  profiles	  of	  the	  location	  adjacent	  to	  fresh	  water	  were	  easy	  to	  identify	  through	  the	  absence	  
of	  peaks	  at	  9min	  and	  10.8min,	  while	  the	  managed	  grassland	  profiles	  could	  be	  identified	  by	  the	  
absence	  of	  these	  two	  peaks	  in	  addition	  to	  the	  peak	  at	  15.8min	  (Figure	  6.43).	  	  All	  the	  peaks	  in	  
peak	  set	  A	  were	  present	  in	  the	  profiles	  of	  the	  soils	  from	  the	  woodland	  and	  unmanaged	  
locations,	  however	  these	  two	  locations	  could	  be	  visually	  discriminated	  on	  the	  basis	  of	  the	  
relative	  heights	  of	  the	  peaks	  at	  9.4min	  and	  15.3min,	  since	  the	  later	  peak	  was	  45%	  larger	  at	  
9.93mV	  for	  the	  unmanaged	  land	  but	  the	  two	  peaks	  were	  approximately	  equal	  at	  55.29mV	  and	  
55.36mV	  in	  height,	  respectively,	  for	  the	  woodland	  location.	  	  The	  woodland	  profiles	  could	  be	  
further	  discriminated	  through	  comparison	  of	  the	  absolute	  peak	  heights,	  since	  the	  maximum	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peak	  height	  was	  55.36mV	  at	  15.3min,	  while	  the	  maximum	  peak	  height	  was	  only	  27.3mV	  across	  
the	  three	  other	  sample	  locations	  	  
Figure	  6.43	  Seasonal	  Changes	  to	  Peak	  Set	  A	  Profiles-­‐	  London,	  Autumn	  2014	   	  
	  
In	  Autumn	  2014,	  the	  CDFA	  for	  peak	  set	  A	  (Figure	  6.44,	  Table	  6.2)	  afforded	  100%	  accuracy	  in	  
grouping	  the	  London	  samples,	  with	  91.4%,	  7.4%	  and	  1.1%	  of	  the	  variability	  in	  the	  samples	  
explained	  by	  the	  first	  three	  functions.	  	  This	  discrimination	  was	  statistically	  significant	  at	  the	  








































































































































































Figure	  6.44	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  Autumn	  2014	  
	  
6.3.3.2	  	  HPLC	  Profiles	  for	  Peak	  Set	  B	  
The	  profiles	  obtained	  using	  peak	  set	  B	  were	  useful	  for	  distinguishing	  the	  four	  locations	  within	  
Brockwell	  Park,	  London,	  and	  the	  primary	  descriptors	  used	  to	  visually	  classify	  the	  soil	  profiles	  
according	  to	  location	  are	  summarised	  below.	  
Summer	  2013	  
The	  peak	  set	  B	  profiles	  for	  the	  London	  site	  at	  the	  Summer	  2013	  time	  point	  (Figure	  6.45)	  could	  
be	  separated	  by	  visual	  comparison	  of	  the	  relative	  sizes	  of	  the	  peaks	  at	  1.9min	  and	  12.2min,	  
since	  the	  earlier	  peaks	  were	  66%	  and	  84%	  smaller,	  respectively,	  than	  the	  	  later	  peak	  for	  soils	  
adjacent	  to	  fresh	  water	  and	  woodland	  soils,	  while	  for	  managed	  grassland	  the	  earlier	  peak	  was	  
29%	  larger	  and	  for	  unmanaged	  land	  the	  two	  peaks	  were	  equal	  in	  size,	  as	  the	  earlier	  peak	  was	  
only	  1.9%	  smaller.	  	  	  Managed	  grassland	  profiles	  were	  further	  separated	  from	  the	  unmanaged	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location	  by	  the	  relative	  heights	  of	  the	  peaks	  at	  1.9min	  and	  26.9min,	  which	  were	  equal	  at	  
0.97mV	  for	  the	  former	  location,	  however	  for	  the	  latter	  location	  the	  peak	  at	  26.9min	  was	  more	  
than	  twice	  the	  size	  of	  the	  peak	  at	  1.9min,	  at	  1.05mV	  and	  2.16mV	  respectively.	  	  The	  woodland	  
locations	  and	  location	  adjacent	  to	  fresh	  water	  could	  be	  further	  separated	  from	  one	  another	  
through	  the	  presence	  of	  a	  peak	  at	  4.35min	  for	  the	  latter	  location	  that	  was	  absent	  at	  the	  
former,	  and	  the	  ratio	  of	  the	  peak	  height	  at	  13.7min	  compared	  to	  13.2min,	  which	  was	  0.9:1	  for	  
locations	  adjacent	  to	  fresh	  water	  and	  2:1	  for	  woodland	  locations.	  
Figure	  6.45	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Summer	  2013 	  
	  
100%	  Accuracy	  in	  grouping	  the	  samples	  from	  London	  in	  Summer	  2013	  was	  achieved	  when	  
peak	  set	  B	  was	  used	  in	  the	  CDFA	  (Figure	  6.46,	  Table	  6.3),	  	  and	  this	  discrimination	  was	  
significant	  at	  the	  99%	  confidence	  interval	  (p=0.000).	  	  The	  three	  discriminant	  functions	  

































































Figure	  6.46	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  Summer	  2013	  
	  
Autumn	  2013	  
At	  the	  Autumn	  2013	  time	  point,	  the	  peak	  set	  B	  profiles	  (Figure	  6.47)	  could	  be	  separated	  into	  
two	  groups	  based	  on	  the	  presence	  of	  a	  peak	  at	  13.2min	  for	  woodland	  and	  unmanaged	  land,	  
which	  was	  absent	  at	  the	  other	  locations.	  	  The	  woodland	  profiles	  could	  be	  visually	  separated	  
from	  the	  unmanaged	  land	  due	  to	  the	  prominent	  peak	  at	  15min,	  which	  was	  150%	  larger	  for	  the	  
woodland	  soils	  than	  the	  next	  largest	  peak	  at	  13.7min,	  whereas	  	  for	  unmanaged	  land	  the	  peak	  
at	  15min	  was	  16%	  smaller	  than	  the	  largest	  peak	  at	  28.5min,	  and	  was	  only	  25%	  larger	  than	  the	  
peak	  at	  13.7min.	  	  Likewise,	  the	  managed	  grassland	  and	  location	  adjacent	  to	  fresh	  water	  could	  
be	  discriminated	  by	  the	  large	  prominent	  peak	  at	  13.7min	  in	  the	  managed	  grassland	  profiles	  
which,	  at	  16.38mV,	  was	  89%	  larger	  than	  the	  next	  largest	  peak	  at	  28.5min,	  in	  comparison	  the	  
peak	  at	  28.5min	  was	  the	  largest	  peak	  in	  the	  profiles	  of	  the	  soils	  from	  locations	  adjacent	  to	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fresh	  water	  and	  the	  peak	  at	  13.7min	  was	  53%	  smaller,	  with	  peak	  heights	  of	  18.74mV	  and	  
8.82mV,	  respectively.	  	  
Figure	  6.47	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Autumn	  2013	  
	  
The	  discrimination	  produced	  with	  the	  peak	  set	  B	  data	  was	  80%	  accurate	  in	  grouping	  the	  
samples	  collected	  in	  Autumn	  2013	  from	  the	  London	  site	  (Figure	  6.48	  Table	  6.3),	  as	  one	  sample	  
from	  the	  managed	  grassland	  location	  was	  misclassified	  as	  originating	  from	  unmanaged	  land,	  
one	  sample	  from	  unmanaged	  land	  was	  misclassified	  as	  originating	  from	  the	  location	  adjacent	  
to	  fresh	  water,	  and	  conversely	  two	  of	  the	  samples	  from	  the	  location	  adjacent	  to	  fresh	  water	  
were	  misclassified	  as	  having	  originated	  from	  unmanaged	  land	  using	  the	  functions	  generated.	  	  
The	  functions	  explained	  67.0%,	  24.7%	  and	  8.4%	  of	  the	  differences	  between	  the	  groupings	  



























































Figure	  6.48	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  Autumn	  2013	  
	  
Winter	  2014	  
The	  HPLC	  profiles	  for	  peak	  set	  B	  allowed	  all	  four	  samples	  locations	  within	  Brockwell	  Park,	  
London	  to	  be	  discriminated	  visually	  (Figure	  6.49),	  as	  presented	  in	  Chapter	  5.	  The	  magnitudes	  
of	  the	  peaks	  in	  woodland	  soils	  were	  approximately	  twice	  the	  size	  of	  those	  in	  soils	  adjacent	  to	  
fresh	  water	  and	  managed	  grassland,	  with	  an	  average	  peak	  height	  of	  39.0	  mV	  for	  the	  largest	  
peak	  at	  12.2min	  for	  woodland	  soils,	  where	  the	  largest	  peaks,	  for	  soils	  adjacent	  to	  fresh	  water	  
and	  managed	  grassland	  were	  21.6	  and	  17.7mV	  respectively,	  while	  the	  peaks	  found	  in	  
unmanaged	  land	  were	  around	  three	  times	  smaller	  at	  only	  5.4mV.	  	  Managed	  grassland	  could	  be	  
discriminated	  from	  all	  other	  sample	  locations	  through	  the	  large	  size	  of	  the	  peak	  at	  6.73min	  
relative	  to	  the	  peak	  at	  12.2min,	  while	  the	  profiles	  in	  soils	  adjacent	  to	  fresh	  water	  differed	  from	  
the	  other	  locations	  through	  the	  large	  size	  of	  the	  peaks	  at	  1.9min	  compared	  to	  all	  other	  peaks.	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The	  profiles	  of	  soils	  from	  unmanaged	  land	  and	  woodland	  could	  be	  separated	  since	  the	  peak	  at	  
24.5min	  was	  not	  detected	  in	  the	  woodland	  samples.	  
Figure	  6.49	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Winter 	  
	  
In	  Winter,	  the	  CDFA	  for	  peak	  set	  B	  	  (Figure	  6.50,	  Table	  	  6.3)	  afforded	  90%	  accuracy	  in	  grouping	  
the	  London	  samples,	  with	  one	  sample	  from	  managed	  grassland	  misclassified	  as	  unmanaged	  
land	  and	  one	  sample	  from	  the	  location	  adjacent	  to	  fresh	  water	  misclassified	  as	  having	  
originated	  from	  managed	  grassland.	  	  The	  functions	  generated	  in	  the	  analysis	  explained	  84.8%,	  
13.9%	  and	  1.3%	  of	  the	  variability	  in	  the	  samples,	  and	  this	  discrimination	  was	  statistically	  

























































Figure	  6.50	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  (y-­‐axis)	  vs.	  sample	  scores	  for	  
Function	  1	  (x-­‐axis)	  for	  Peak	  Set	  B-­‐	  London,	  Winter	  	  
	  
Spring	  2014	  
At	  the	  Spring	  time	  point,	  managed	  grassland	  profiles	  (Figure	  6.51)	  were	  unambiguously	  
identifiable	  visually	  by	  the	  presence	  of	  a	  single	  major	  peak	  at	  15min,	  which	  was	  63%	  larger	  
than	  the	  next	  largest	  peak	  at	  12.2min,	  whereas	  at	  all	  other	  locations	  there	  were	  two	  
prominent	  peaks	  at	  15min	  and	  19.1min	  that	  were	  approximately	  equal	  in	  size,	  with	  the	  later	  
peaks	  7.8%,	  	  0.8%,	  and	  8.1%	  smaller	  in	  height	  for	  the	  location	  adjacent	  to	  fresh	  water,	  
unmanaged	  land	  and	  woodland,	  respectively.	  	  The	  profiles	  of	  unmanaged	  land	  could	  be	  
excluded	  from	  the	  remaining	  two	  locations	  since	  the	  peak	  at	  4.35min	  was	  16%	  larger	  than	  the	  
peak	  at	  12.2min,	  whereas	  the	  peak	  at	  4.35min	  was	  	  40%	  and	  45%	  smaller	  than	  the	  peak	  at	  
12.2min	  for	  the	  profiles	  of	  the	  location	  adjacent	  to	  fresh	  water	  and	  woodland,	  respectively.	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There	  were	  no	  clear	  visual	  differences	  in	  the	  relative	  peak	  sizes	  in	  the	  profiles	  obtained	  for	  the	  
location	  adjacent	  to	  fresh	  water	  and	  woodland,	  however	  the	  absolute	  peak	  heights	  for	  
woodland	  soils	  were	  in	  the	  range	  of	  2.54-­‐51.2mV;	  more	  than	  double	  the	  size	  of	  the	  peaks	  in	  
the	  profiles	  of	  soils	  from	  locations	  adjacent	  to	  fresh	  water,	  which	  ranged	  from	  1.22-­‐24.22mV.	  	  
Figure	  6.51	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Spring 	  
	  
For	  the	  Spring	  time	  point,	  the	  London	  data	  for	  peak	  set	  B	  gave	  100%	  accuracy	  in	  the	  CDFA	  
(Figure	  6.52,	  Table	  6.3),	  and	  this	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  
confidence	  interval	  (p=0.000).	  	  The	  three	  canonical	  functions	  produced	  in	  this	  analysis	  



























































Figure	  6.52	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  Spring	  
	  
Summer	  2014	  
The	  profiles	  obtained	  for	  peak	  set	  B	  at	  the	  Brockwell	  park	  site	  in	  Summer	  2014	  (Figure	  6.53)	  
could	  be	  divided	  into	  two	  groups	  by	  visual	  comparison	  of	  the	  relative	  height	  of	  the	  peaks	  at	  
1.9min	  and	  4.35min,	  which	  were	  approximately	  equally	  sized	  for	  both	  managed	  grassland	  and	  
unmanaged	  land,	  as	  the	  later	  peak	  was	  only	  1.2%	  and	  1.7%	  larger,	  respectively,	  for	  these	  
locations.	  	  Comparison	  of	  the	  retention	  times	  of	  the	  largest	  peak	  allowed	  these	  two	  locations	  
to	  be	  discriminated,	  as	  the	  two	  peaks	  at	  1.9min	  and	  4.35min	  were	  the	  largest	  in	  the	  profiles	  of	  
the	  managed	  grassland	  soils	  but	  the	  peak	  at	  13.7min	  was	  36%	  greater	  in	  height	  than	  these	  
peaks	  for	  the	  profiles	  from	  unmanaged	  land.	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In	  contrast,	  the	  peak	  at	  4.35min	  was	  52%	  smaller	  than	  the	  peak	  at	  1.9min	  for	  the	  woodland	  
soil	  profiles,	  while	  for	  the	  location	  adjacent	  to	  fresh	  water	  the	  same	  peak	  was	  32%	  larger,	  and	  
the	  two	  profiles	  could	  also	  be	  discriminated	  since	  the	  peak	  at	  13.7min	  was	  the	  largest	  in	  the	  
profile	  obtained	  for	  the	  location	  adjacent	  to	  fresh	  water,	  while	  it	  was	  the	  second	  largest	  peak	  
in	  the	  profiles	  obtained	  at	  the	  woodland	  location.	  	  	  	  
Figure	  6.53	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Summer	  2014 	  
	  
100%	  accuracy	  in	  grouping	  samples	  from	  London	  in	  Summer	  2014	  was	  achieved	  using	  peak	  set	  
B	  in	  the	  CDFA	  (Figure	  6.54,	  Table	  6.3).	  	  This	  discrimination	  was	  statistically	  significant	  at	  the	  
99%	  confidence	  interval	  (p=0.000)	  and	  the	  three	  functions	  produced	  explained	  	  87.4%,	  9.8%	  


























































Figure	  6.54	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  Summer	  2014	  
	  
Autumn	  2014	  
The	  overall	  profiles	  of	  each	  location	  at	  the	  London	  site	  at	  the	  Autumn	  2014	  time	  point	  were	  
very	  similar	  when	  compared	  visually	  (Figure	  6.55),	  as	  there	  were	  few	  differences	  in	  the	  relative	  
peak	  heights	  between	  the	  locations.	  	  The	  woodland	  profiles	  could	  be	  discriminated	  from	  the	  
other	  locations	  due	  to	  the	  large	  difference	  in	  absolute	  peak	  sizes,	  which	  were	  at	  least	  double	  
the	  height	  of	  the	  other	  locations,	  with	  a	  maximum	  peak	  height	  of	  54.1mV	  at	  19.1min	  
compared	  to	  20.6mV,	  	  27.1mV,	  and	  11.1mV	  for	  the	  managed	  grassland,	  the	  location	  adjacent	  
to	  fresh	  water,	  and	  unmanaged	  land.	  	  Unmanaged	  land	  could	  be	  separated	  from	  the	  remaining	  
locations	  through	  comparison	  of	  the	  ratio	  height	  of	  the	  peaks	  at	  13.2min	  to	  13.7min,	  	  which	  
was	  3.0:1	  for	  unmanaged	  land	  but	  2.1:1	  and	  1.9:1,	  respectively	  for	  managed	  land	  and	  the	  
location	  adjacent	  to	  fresh	  water.	  	  It	  was	  far	  more	  difficult	  to	  detect	  any	  visual	  differences	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between	  the	  profiles	  for	  managed	  grassland	  and	  soils	  adjacent	  to	  fresh	  water,	  the	  only	  
distinguishing	  features	  were	  the	  presence	  of	  a	  small	  peak	  of	  0.34mV	  at	  1.9min	  in	  the	  location	  
adjacent	  to	  fresh	  water	  that	  was	  absent	  in	  the	  profiles	  from	  managed	  grassland,	  	  the	  presence	  
of	  a	  small	  peak	  at	  0.31mV	  at	  15min	  for	  managed	  grassland	  that	  was	  absent	  from	  the	  profiles	  of	  
the	  	  location	  adjacent	  to	  fresh	  water,	  and	  subtle	  differences	  in	  the	  ratio	  of	  the	  peaks	  at	  
19.1min	  and	  28.5min,	  which	  were	  4.5:1	  and	  4.0:1,	  respectively	  for	  the	  two	  locations.	  
Figure	  6.55	  Seasonal	  Changes	  to	  Peak	  Set	  B	  Profiles-­‐	  London,	  Autumn	  2014 	  
	  
The	  functions	  produced	  from	  peak	  set	  B	  in	  the	  CDFA	  for	  samples	  from	  London	  in	  Autumn	  2014	  
(Figure	  6.56,	  Table	  6.3)	  explained	  78.6%,	  11.3%	  and	  10.1%	  of	  the	  resulting	  variation	  in	  the	  
samples,	  producing	  a	  discrimination	  that	  was	  95%	  accurate.	  	  One	  managed	  grassland	  sample	  
was	  misclassified	  as	  having	  originated	  from	  the	  location	  adjacent	  to	  fresh	  water,	  but	  this	  


























































Figure	  6.56	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  Autumn	  2014	  
	  
6.3.4	  New	  York	  City	  
Samples	  were	  collected	  from	  Central	  Park	  at	  the	  Winter	  time	  point	  only,	  and	  these	  results	  
have	  been	  discussed	  in	  Chapter	  5,	  however	  the	  results	  have	  been	  included	  in	  this	  chapter	  in	  
order	  to	  aid	  the	  examination	  of	  the	  geographic	  variability	  of	  the	  profiles.	  
6.3.4.1	  	  Peak	  Set	  A	  
The	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  A	  profiles	  obtained	  at	  Central	  Park,	  New	  
York	  City,	  and	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  A	  as	  variables	  are	  detailed	  below	  
In	  Central	  Park,	  New	  York	  City,	  as	  was	  presented	  in	  Chapter	  5,	  all	  four	  locations	  could	  be	  
discriminated	  on	  the	  basis	  of	  their	  HPLC	  profiles	  for	  peak	  set	  A	  (Figure	  6.57).	  	  The	  location	  
adjacent	  to	  fresh	  water	  could	  be	  discriminated	  from	  all	  other	  locations	  through	  the	  absence	  of	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a	  peak	  at	  10.8min,	  while	  for	  unmanaged	  land	  the	  absence	  of	  the	  peak	  at	  9min	  was	  a	  unique	  
feature	  among	  the	  locations	  at	  this	  site.	  The	  profiles	  of	  the	  managed	  grassland	  and	  woodland	  
locations	  were	  different	  since	  the	  peaks	  were	  generally	  three	  times	  larger	  for	  the	  woodland	  
soils,	  ranging	  from	  5	  to	  60mV,	  than	  for	  managed	  grassland	  where	  the	  peaks	  ranged	  from	  1	  to	  
15mV,	  and	  the	  peak	  at	  9min	  was	  larger,	  at	  9mV,	  than	  the	  peak	  at	  4.7min,	  at	  3mV,	  for	  the	  
managed	  grassland	  samples,	  while	  for	  the	  woodland	  location	  the	  peak	  at	  4.7min	  was	  larger	  at	  
12mV	  than	  the	  peak	  at	  9min,	  which	  was	  5mV.	  	  	  
Figure	  6.57:	  	   	  HPLC	  Profiles	  for	  Central	  Park,	  New	  York	  City-­‐	  Peak	  Set	  A	  
	  
Using	  peak	  set	  A,	  the	  CDFA	  classified	  the	  samples	  from	  New	  York	  City	  with	  100.0%	  accuracy	  
(Figure	  6.58,	  Table	  6.2),	  and	  this	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  
confidence	  level	  (p=0.000).	  	  The	  first	  three	  functions	  explained	  92.3%,	  5.8%,	  and	  1.9%	  of	  the	  
























































































































































































































































































Figure	  6.58	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  New	  York	  City	  
	  
6.3.4.2	  Peak	  Set	  B	  
This	  section	  outlines	  the	  results	  of	  the	  visual	  comparison	  	  of	  the	  Peak	  Set	  B	  profiles	  obtained	  at	  
Central	  Park,	  New	  York	  City	  and	  the	  results	  of	  the	  CDFA	  using	  the	  peaks	  in	  set	  B	  as	  variables	  for	  
the	  Winter	  time	  point	  only	  
As	  has	  been	  outlined	  in	  Chapter	  5,	  the	  profiles	  varied	  across	  the	  four	  locations	  in	  Central	  Park,	  
New	  York	  City	  for	  peak	  set	  B	  (Figure	  6.59).	  	  Soil	  profiles	  for	  unmanaged	  land	  could	  be	  
discriminated	  from	  the	  other	  three	  locations	  by	  the	  absence	  of	  the	  peak	  at	  1.9min	  while	  the	  
size	  order	  of	  the	  peaks	  at	  1.9,	  4.35	  and	  6.73min	  allowed	  samples	  from	  managed	  grassland	  to	  
be	  visually	  separated	  from	  those	  for	  woodland.	  
	  The	  ratio	  of	  the	  peak	  at	  1.9min	  compared	  to	  the	  peak	  at	  12.2	  min	  allowed	  the	  profiles	  of	  soil	  
adjacent	  to	  fresh	  water	  from	  the	  other	  locations,	  the	  peak	  at	  12.2min	  was	  1.87mV	  and	  was	  
33%	  smaller	  than	  the	  2.78mV	  peak	  at	  1.9min	  for	  soils	  adjacent	  to	  fresh	  water,	  while	  for	  
managed	  grassland	  the	  peak	  at	  12.2min	  was	  far	  larger	  than	  the	  peak	  at	  1.9min	  with	  peak	  




The	  peak	  sizes	  were	  far	  larger	  for	  unmanaged	  land	  and	  were	  smallest	  at	  the	  location	  adjacent	  
to	  fresh	  water,	  while	  the	  peaks	  in	  the	  managed	  grassland	  samples	  were	  generally	  three	  times	  
as	  large	  as	  those	  for	  the	  location	  adjacent	  to	  fresh	  water,	  and	  woodland	  samples	  were	  
approximately	  twice	  the	  size	  obtained	  for	  managed	  grassland.	  	  	  
Figure	  6.59:	  	   	  HPLC	  Profiles	  for	  Central	  Park,	  New	  York	  City-­‐	  Peak	  Set	  B	  
	  
The	  CDFA	  classified	  the	  samples	  from	  New	  York	  City	  with	  100.0%	  accuracy	  using	  peak	  set	  B	  
(Figure	  6.60,	  Table	  6.3),	  and	  the	  first	  three	  functions	  explained	  73.3%,	  24.1%,	  and	  2.5%	  of	  the	  
variability	  in	  the	  sample	  groupings.	  	  This	  discrimination	  was	  statistically	  significant	  at	  the	  99%	  

































































Figure	  6.60	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  New	  York	  City	  
	  
6.3.5	  Summary	  of	  Seasonal	  Changes	  
The	  CDFA	  results	  for	  the	  analyses	  at	  each	  site	  for	  each	  of	  the	  different	  seasons	  are	  summarised	  
below.	  	  Full	  details	  of	  the	  statistical	  analyses	  are	  provided	  in	  table	  6.2	  for	  peak	  set	  A	  and	  in	  
table	  6.3	  for	  peak	  set	  B	  
For	  Peak	  Set	  A	  (Table	  6.2)	  the	  CDFA	  produced	  functions	  that	  were	  statistically	  significant	  at	  the	  
99%	  confidence	  interval	  at	  all	  sites	  across	  all	  time	  points,	  except	  for	  Edinburgh	  at	  the	  Spring	  
time	  point,	  where	  the	  discrimination	  was	  significant	  at	  the	  95%	  confidence	  interval.	  	  The	  
grouping	  accuracy	  obtained	  in	  the	  CDFA	  using	  peak	  set	  A	  was	  100%	  for	  all	  sites	  at	  all	  time	  
points	  except	  for	  the	  Autumn	  2013	  time-­‐point	  in	  London,	  where	  accuracy	  was	  89.5%	  and	  for	  
the	  Aberdeen	  site	  in	  Winter,	  where	  samples	  were	  grouped	  with	  94.7%	  accuracy.	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The	  CDFA	  results	  for	  Peak	  Set	  B	  (Table	  6.3)	  gave	  rise	  to	  discriminations	  that	  were	  statistically	  
significant	  at	  the	  99%	  confidence	  interval	  at	  all	  time-­‐points	  and	  sites	  except	  Edinburgh	  in	  
Spring,	  where	  the	  discrimination	  was	  statistically	  significant	  at	  the	  95%	  confidence	  interval,	  
and	  at	  the	  London	  site	  in	  Autumn	  2013	  and	  Autumn	  2014,	  and	  the	  Aberdeen	  site	  in	  Autumn	  
2014,	  where	  the	  discriminations	  were	  not	  statistically	  significant.	  
Using	  HPLC	  Peak	  Set	  A,	  all	  but	  three	  samples	  were	  correctly	  classified	  with	  misclassifications	  at	  
three	  sample	  locations,	  over	  two	  time	  points,	  while	  9	  sample	  groups	  were	  misclassified	  when	  
peak	  set	  B	  was	  used.	  	  The	  misclassified	  samples	  are	  summarised	  in	  Table	  6.4	  	  
Table	  6.4	  	  Summary	  of	  Misclassified	  Samples	  
	  
There	  were	  no	  seasonal	  markers	  identified	  through	  visual	  analysis	  for	  peak	  set	  A	  at	  any	  of	  the	  
sites,	  or	  locations	  within	  the	  site,	  since	  the	  profiles	  differed	  at	  each	  location	  at	  each	  successive	  
time	  point,	  and	  this	  variability	  is	  illustrated	  in	  figure	  6.61	  which	  presents	  the	  complete	  set	  of	  
profiles	  obtained	  for	  managed	  grassland	  at	  the	  Brockwell	  Park	  site	  as	  an	  example,	  however	  the	  
variability	  between	  seasons	  and	  lack	  of	  location	  or	  seasonal	  marker	  peaks	  was	  consistent	  




















London	  	   Managed	  
Grassland	  
A	   N/A	   0	   1	   0	  
Autumn	  
2013	  
London	  	   Unmanaged	  
Land	  
A	   1	   0	   N/A	   0	  
Winter	   Aberdeen	   Unmanaged	  
Land	  
A	   0	   0	   N/A	   1	  
Autumn	  
2013	  
London	  	   Managed	  
Grassland	  
B	   0	   0	   1	   N/A	  
Autumn	  
2013	  
London	  	   Adjacent	  to	  
Fresh	  Water	  
B	   0	   N/A	   2	   0	  
Autumn	  
2013	  
London	  	   Unmanaged	  
Grassland	  
B	   0	   1	   N/A	   0	  
Winter	  	   London	  	   Managed	  
Grassland	  
B	   N/A	   0	   1	   0	  
Winter	  	   London	  	   Adjacent	  to	  
Fresh	  Water	  
B	   1	   N/A	   0	   0	  
Autumn	  
2014	  
London	  	   Managed	  
Grassland	  
B	   N/A	   1	   0	   0	  
Summer	   Edinburgh	   Woodland	   B	   0	   0	   1	   N/A	  
Autumn	   Aberdeen	   Managed	  
Grassland	  
B	   N/A	   1	   0	   0	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Figure	  6.61	  	  Summary	  of	  Seasonal	  Changes	  for	  HPLC	  Peak	  Set	  A,	  at	  the	  Managed	  
Grassland	  location	  in	  Brockwell	  Park	  
	  
It	  was	  not	  possible	  to	  identify	  seasonal	  markers	  by	  visual	  analysis	  for	  peak	  set	  B	  at	  any	  of	  the	  
sites,	  or	  locations	  within	  the	  site,	  the	  profiles	  obtained	  for	  each	  location	  changed	  from	  one	  
time	  point	  to	  the	  next	  and	  there	  were	  no	  consistent	  trends	  in	  the	  data,	  an	  example	  of	  this	  





































Figure	  6.62	  	  Summary	  of	  Seasonal	  Changes	  for	  HPLC	  Peak	  Set	  B,	  at	  the	  Managed	  
Grassland	  location	  in	  Brockwell	  Park	  
	  
6.3.6	  	  Robustness	  to	  Delays	  in	  Sampling	  
In	  forensic	  practice,	  there	  can	  be	  no	  control	  over	  the	  delay	  between	  the	  time	  a	  crime	  was	  
committed,	  and	  the	  time	  the	  crime	  was	  detected	  and	  the	  relevant	  samples	  being	  collected	  and	  
analysed.	  	  As	  can	  be	  seen	  from	  the	  profiles	  observed	  over	  the	  different	  time	  points	  in	  this	  
study,	  the	  amount	  of	  each	  compound	  present	  in	  the	  soil	  can	  vary	  from	  one	  time	  point	  to	  the	  
next,	  which	  affects	  the	  relative	  heights	  of	  each	  peak	  and	  the	  appearance	  of	  the	  profile.	  	  
Therefore,	  it	  is	  important	  to	  ensure	  that	  the	  accuracy	  of	  the	  discrimination	  is	  not	  adversely	  
effected	  by	  the	  changes	  in	  the	  profiles	  of	  the	  soils	  that	  occur	  between	  the	  time	  	  the	  crime	  is	  
committed,	  when	  soils	  are	  transferred	  to	  an	  item	  of	  evidence,	  and	  the	  time	  of	  collection	  of	  the	  
reference	  samples	  by	  investigators.	  	  	  	  
In	  order	  to	  determine	  whether	  there	  remained	  a	  sufficient	  level	  of	  consistency	  amongst	  the	  
profiles	  of	  samples	  collected	  at	  the	  same	  location	  throughout	  year	  to	  reliably	  discriminate	  the	  
different	  locations,	  and	  thereby	  verify	  the	  robustness	  of	  the	  technique	  to	  delays	  in	  sampling	  
(the	  ability	  of	  the	  method	  to	  provide	  accurate	  discrimination	  despite	  differences	  in	  the	  






























grouped	  together	  for	  each	  location	  and	  were	  analysed	  by	  CDFA	  at	  each	  of	  the	  three	  sites	  that	  
were	  sampled	  at	  more	  than	  one	  time	  point,	  and	  the	  results	  are	  provided	  in	  Table	  6.5	  below.	  	  
Table	  6.5	  Canonical	  Discriminant	  Function	  Results	  for	  Robustness	  to	  differences	  





















Peak	  Set	  A	  *	   1-­‐3	   2-­‐3	   3	  
London	  
2013-­‐2014	  














98.4	   0.000	   0.000	   0.002	   61.9	   22.5	   15.6	  
Aberdeen	  
2014	  
94.9	   0.000	   0.000	   0.000	   53.7	   30.4	   15.9	  
Peak	  Set	  B	  
London	  
2013-­‐2014	  











70.8	   0.000	   0.022	   0.385	   78.1	   16.4	   5.5	  
Aberdeen	  
2014	  
64.5	   0.000	   0.384	   0.687	   91.4	   6.9	   1.7	  
6.3.6.1	  Robustness	  to	  seasonal	  change	  for	  Peak	  Set	  A	  
This	  section	  will	  discuss	  results	  of	  the	  CDFA	  for	  the	  peak	  set	  A	  data	  set,	  using	  the	  samples	  from	  
the	  same	  site	  and	  location	  at	  different	  times	  of	  year,	  in	  order	  to	  assess	  the	  ability	  of	  this	  peak	  
set	  to	  provide	  reliable	  discrimination	  when	  the	  samples	  have	  been	  collected	  at	  different	  times	  
of	  the	  year.	  	  
The	  accuracy	  of	  the	  classification	  was	  reduced	  when	  the	  sample	  location	  groups	  were	  collated	  
from	  samples	  collected	  at	  different	  times	  of	  year,	  compared	  to	  the	  discrimination	  of	  the	  soils	  
from	  locations	  that	  were	  sampled	  at	  the	  same	  time	  of	  year.	  	  The	  accuracy	  with	  which	  the	  
combined	  samples	  were	  assigned	  to	  their	  location	  using	  the	  functions	  produced	  in	  the	  CDFA	  
ranged	  from	  68.9%	  to	  98.4%,	  and	  there	  were	  sample	  misclassifications	  observed	  at	  11	  out	  of	  
























All	   London	  	   Managed	  
Grassland	  
A	   N/A	   1	   8	   0	  
All	   London	  	   Adjacent	  to	  
Fresh	  
Water	  
A	   5	   N/A	   6	   2	  
All	   London	  	   Unmanaged	  
Land	  
A	   3	   2	   N/A	   0	  
All	   London	  	   Woodland	   A	   5	   4	   1	   N/A	  
2014	  
Only	  
London	  	   Managed	  
Grassland	  
A	   N/A	   1	   1	   0	  
2014	  
Only	  
London	  	   Adjacent	  to	  
Fresh	  
Water	  
A	   3	   N/A	   2	   0	  
All	   Edinburgh	   Managed	  
Grassland	  
A	   N/A	   0	   0	   2	  
All	   Edinburgh	   Unmanaged	  
Land	  
A	   0	   1	   N/A	   1	  
All	   Edinburgh	   Woodland	   A	   0	   0	   1	   N/A	  
All	   Aberdeen	   Managed	  
Grassland	  
A	   N/A	   0	   0	   2	  
All	   Aberdeen	   Adjacent	  to	  
Fresh	  
Water	  
A	   0	   1	   N/A	   1	  
Figures	  6.63	  to	  6.66	  show	  the	  scatter	  plots	  displaying	  the	  scores	  for	  each	  individual	  sample,	  
and	  the	  relative	  positions	  of	  the	  group	  centroids	  for	  each	  group,	  for	  the	  first	  two	  canonical	  
functions	  obtained	  in	  the	  CDFA	  using	  the	  Edinburgh,	  Aberdeen,	  London,	  and	  London	  (2014	  










Figure	  6.63	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  Edinburgh,	  All	  time	  points	  
	  
The	  collection	  of	  samples	  at	  different	  times	  of	  year	  gave	  discrimination	  that	  was	  98.4%	  
accurate	  for	  the	  Edinburgh	  site	  for	  the	  peak	  set	  A	  data	  (Figure	  6.63,	  Table	  6.5),	  and	  the	  
discrimination	  was	  significant	  at	  the	  99%	  confidence	  interval	  (p=0.000),	  with	  the	  first	  three	  
canonical	  discriminant	  functions	  accounting	  for	  61.9%,	  22.5%	  and	  15.6%	  of	  the	  variation	  





Figure	  6.64	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  A-­‐	  Aberdeen,	  All	  time	  points	  
	  
For	  the	  Aberdeen	  site,	  collecting	  samples	  at	  different	  times	  of	  year	  produced	  a	  discrimination	  
that	  was	  94.9%	  accurate	  for	  the	  peak	  set	  A	  data	  (Figure	  6.64,	  Table	  6.5).	  	  The	  first	  three	  
canonical	  functions	  accounted	  for	  53.7%,	  30.4%,	  and	  15.9%	  of	  the	  variability	  in	  the	  samples	  








Figure	  6.65	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  All	  time	  points	  
The	  accuracy	  in	  discrimination	  obtained	  for	  the	  London	  data	  collected	  across	  all	  six	  time	  points	  
was	  far	  poorer	  than	  for	  the	  Edinburgh	  and	  Aberdeen	  sites	  when	  peak	  set	  A	  was	  used	  in	  the	  
CDFA,	  at	  only	  68.9%	  (Figure	  6.65,	  Table	  6.5).	  	  The	  discrimination	  was,	  however,	  statistically	  
significant	  at	  the	  99%	  confidence	  interval	  (p=0.000)	  and	  the	  first	  three	  canonical	  functions	  






Figure	  6.66	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  A-­‐	  London,	  2014	  time	  points	  only	  
	  
The	  poor	  performance	  of	  the	  discrimination	  in	  the	  London	  peak	  set	  A	  data	  could	  be	  explained	  
by	  the	  fact	  that	  the	  analyses	  were	  performed	  in	  different	  laboratories	  and	  with	  different	  
equipment	  introducing	  additional	  precision	  errors	  to	  the	  data,	  therefore	  the	  samples	  from	  the	  
initial	  two	  time	  points,	  that	  were	  analysed	  in	  the	  UCL	  School	  of	  Pharmacy	  laboratory,	  were	  
removed	  from	  the	  data	  set	  in	  order	  that	  like-­‐for-­‐like	  sample	  comparisons	  could	  be	  made	  
during	  the	  CDFA	  on	  the	  data	  generated	  from	  the	  2014	  time	  points	  only,	  which	  were	  all	  tested	  
at	  the	  James	  Hutton	  Institute	  laboratory	  (Figure	  6.66,	  Table	  6.5).	  	  The	  accuracy	  of	  
discrimination	  was	  improved	  by	  22.4%	  when	  the	  CDFA	  was	  limited	  to	  the	  samples	  that	  were	  
analysed	  on	  the	  same	  instrument,	  and	  91.3%	  of	  these	  samples	  were	  correctly	  classified	  with	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this	  data	  set.	  	  This	  discrimination	  was	  also	  statistically	  significant	  at	  the	  99%	  confidence	  
interval	  (p=0.000)	  and	  the	  first	  three	  canonical	  functions	  explained	  57.7%,	  26.9%	  and	  15.4%	  of	  
the	  variability	  in	  the	  samples.	  
6.3.6.2	  Robustness	  to	  seasonal	  change	  for	  Peak	  Set	  B	  
This	  section	  outlines	  the	  results	  obtained	  in	  the	  CDFA	  when	  the	  peak	  set	  B	  data	  were	  pooled	  
from	  across	  multiple	  time	  points	  for	  each	  location	  and	  site,	  and	  the	  assesses	  the	  ability	  of	  	  
peak	  set	  B	  to	  discriminate	  between	  locations	  in	  cases	  where	  reference	  samples	  have	  been	  
collected	  at	  a	  number	  of	  	  different	  points	  in	  the	  year.	  
The	  accuracy	  of	  the	  classification	  was	  more	  adversely	  affected	  by	  the	  seasonal	  changes	  in	  the	  
profiles	  for	  peak	  set	  B,	  with	  lower	  accuracy	  rates	  at	  all	  sites	  and	  with	  more	  sample	  locations	  
misclassified,	  in	  comparison	  to	  peak	  set	  A.	  	  For	  peak	  set	  B,	  the	  accuracy	  with	  which	  the	  
samples	  were	  assigned	  to	  their	  groups	  ranged	  from	  60.0%	  to	  70.8%	  and	  there	  were	  sample	  
misclassifications	  observed	  for	  15	  out	  of	  the	  16	  sample	  groups	  in	  this	  data	  set,	  which	  are	  
summarised	  in	  Table	  6.7,	  below.	  


















All	   London	  	   Managed	  
Grassland	  
B	   N/A	   8	   10	   2	  
All	   London	  	   Adjacent	  to	  
Fresh	  
Water	  
B	   4	   N/A	   8	   2	  
All	   London	  	   Unmanaged	  
Land	  
B	   1	   0	   N/A	   4	  
All	   London	  	   Woodland	   B	   7	   0	   2	   N/A	  
2014	  
Only	  
London	  	   Managed	  
Grassland	  
B	   N/A	   5	   5	   0	  
2014	  
Only	  
London	  	   Adjacent	  to	  
Fresh	  
Water	  
B	   2	   N/A	   5	   1	  
2014	  
Only	  
London	  	   Unmanaged	  
Land	  
B	   1	   0	   N/A	   4	  
2014	  
Only	  
London	  	   Woodland	   B	   0	   1	   1	   N/A	  
All	   Edinburgh	   Managed	  
Grassland	  
B	   N/A	   0	   1	   2	  
All	   Edinburgh	   Adjacent	  to	  
Fresh	  
Water	  
B	   0	   N/A	   3	   1	  




All	   Edinburgh	   Woodland	   B	   0	   3	   3	   N/A	  
All	   Aberdeen	   Managed	  
Grassland	  
B	   N/A	   0	   3	   6	  
All	   Aberdeen	   Unmanaged	  
Land	  
B	   7	   0	   N/A	   7	  
All	   Aberdeen	   Woodland	   B	   2	   0	   2	   N/A	  
	  
Figures	  6.67	  to	  6.60	  present	  the	  scatter	  plots	  obtained	  in	  the	  CDFA	  using	  HPLC	  peak	  set	  B	  for	  
the	  Edinburgh,	  Aberdeen,	  London	  (all	  time	  points),	  and	  London	  (2014	  only)	  data	  sets,	  which	  
display	  the	  scores	  for	  each	  individual	  sample,	  and	  the	  relative	  positions	  of	  the	  group	  centroids	  
for	  each	  group,	  for	  the	  first	  two	  canonical	  functions	  
	  Figure	  6.67	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  




The	  CDFA	  on	  peak	  set	  B	  gave	  the	  highest	  accuracy	  rates	  at	  the	  Edinburgh	  site	  (Figure	  6.67,	  
Table	  6.5),	  with	  70.8%	  of	  the	  samples	  correctly	  assigned	  to	  location	  groups	  based	  on	  the	  first	  
three	  canonical	  discriminant	  functions,	  which	  explained	  78.1%,	  16.4%,	  and	  5.5%	  of	  the	  
variability	  in	  the	  resultant	  sample	  groupings.	  	  This	  discrimination	  was	  also	  statistically	  
significant	  at	  the	  99%	  confidence	  interval	  (p=0.000).	  
Figure	  6.68	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  1	  
for	  Peak	  Set	  B-­‐	  Aberdeen,	  All	  time	  points.	  
	  
Using	  peak	  set	  B,	  the	  accuracy	  of	  the	  discrimination	  at	  the	  Aberdeen	  site	  (Figure	  6.68,	  Table	  
6.5)	  was	  also	  adversely	  affected	  when	  the	  samples	  used	  in	  the	  CDFA	  were	  collected	  at	  
different	  times	  of	  year.	  	  Just	  64.5%	  of	  the	  samples	  collected	  were	  assigned	  to	  the	  correct	  group	  
on	  the	  basis	  of	  the	  first	  three	  canonical	  discriminant	  functions,	  which	  were	  responsible	  for	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91.4%,	  6.9%	  and	  1.7%	  of	  the	  variation	  between	  samples	  in	  the	  resulting	  discrimination,	  
however	  the	  discrimination	  was	  still	  significant	  at	  the	  99%	  confidence	  interval	  (p=0.000)	  
Figure	  6.69	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B	  London,	  All	  time	  points	  
	  
The	  results	  of	  the	  CDFA	  for	  London	  were	  far	  less	  accurate	  than	  for	  the	  other	  sites	  when	  peak	  
set	  B	  was	  considered	  (Figure	  6.69,	  Table	  6.5),	  as	  was	  the	  case	  for	  peak	  set	  A.	  	  The	  accuracy	  for	  
this	  data	  set	  was	  just	  60.0%,	  however	  the	  discrimination	  was	  still	  statistically	  significant	  at	  the	  
99%	  confidence	  interval	  (p=0.000)	  and	  the	  first	  three	  canonical	  functions	  explained	  81.5%,	  




Figure	  6.70	  	  Plot	  of	  sample	  scores	  for	  Function	  2	  vs.	  sample	  scores	  for	  Function	  
1	  for	  Peak	  Set	  B-­‐	  London,	  2014	  time	  points	  only	  
	  
As	  discussed	  in	  section	  6.3.6.1	  for	  peak	  set	  A,	  the	  poor	  performance	  of	  the	  CDFA	  for	  London	  
could	  potentially	  be	  caused	  by	  reduction	  in	  precision	  within	  sample	  groups	  as	  a	  result	  of	  the	  
use	  of	  a	  different	  laboratory	  and	  equipment	  for	  the	  2013	  samples	  and	  the	  2014	  samples.	  	  
Upon	  removal	  of	  the	  samples	  analysed	  at	  the	  UCL	  School	  of	  Pharmacy,	  the	  accuracy	  for	  the	  
London	  data	  set	  increased	  to	  68.8%	  (Figure	  6.70,	  Table	  6.5).	  	  This	  discrimination	  was	  
statistically	  significant	  at	  the	  99%	  confidence	  interval	  (p=0.000)	  and	  the	  first	  three	  canonical	  




Peak	  sets	  A	  and	  B	  both	  provided	  several	  ways,	  such	  as	  peak	  ratios	  or	  the	  presence	  or	  absence	  
of	  a	  particular	  peak,	  to	  distinguish	  the	  four	  close-­‐proximity	  locations	  at	  each	  site	  based	  on	  
visual	  assessment	  of	  the	  profiles,	  and	  gave	  high	  levels	  of	  accuracy	  when	  used	  as	  variables	  in	  
CDFA.	  	  This	  section	  discusses	  the	  impact	  of	  varying	  the	  location	  and	  time,	  respectively,	  at	  
which	  samples	  were	  collected	  upon	  the	  ability	  to	  discriminate	  the	  different	  locations	  and	  the	  
implications	  for	  forensic	  case	  work.	  
The	  accuracy	  rates	  were	  high	  across	  all	  of	  the	  sample	  sites,	  and	  the	  majority	  of	  the	  sample	  sets	  
that	  were	  taken	  at	  a	  single	  time	  point	  could	  be	  discriminated	  with	  100%	  accuracy,	  regardless	  
of	  the	  geographic	  location	  of	  the	  site.	  	  The	  Edinburgh	  samples	  could	  be	  separated	  with	  100%	  
accuracy	  for	  seven	  out	  of	  the	  eight	  data	  sets	  collected,	  while	  at	  the	  Aberdeen	  site	  six	  out	  of	  the	  
eight	  data	  sets	  gave	  100%	  accuracy,	  while	  for	  the	  London	  site	  all	  samples	  were	  correctly	  
classified	  for	  eight	  out	  of	  twelve	  data	  sets.	  	  Both	  of	  the	  New	  York	  data	  sets	  yielded	  100%	  
accuracy,	  however	  it	  was	  not	  possible	  to	  assess	  whether	  these	  accuracy	  rates	  would	  have	  been	  
obtained	  upon	  sampling	  multiple	  time	  points.	  The	  poorest	  accuracy	  of	  discrimination	  was	  
observed	  at	  the	  London	  site,	  at	  80%	  for	  peak	  set	  B	  in	  Autumn	  2013,	  however	  the	  average	  
accuracy	  rates	  at	  each	  of	  these	  sites	  were	  much	  closer,	  and	  ranged	  from	  96.2%	  for	  the	  London	  
site	  to	  100%	  for	  the	  New	  York	  site,	  while	  the	  averages	  for	  Edinburgh	  and	  Aberdeen	  sites	  were	  
99.3%	  and	  98.7%,	  respectively.	  	  The	  similarity	  in	  the	  average	  accuracy	  rates	  for	  the	  four	  sites	  
implies	  that	  the	  ability	  to	  produce	  highly	  discriminatory	  profiles	  is	  not	  dependent	  on	  the	  
geographical	  location,	  which	  corroborates	  the	  findings	  outlined	  in	  Chapter	  5	  and	  provides	  
further	  confirmation	  that	  the	  technique	  can	  be	  considered	  robust	  to	  changes	  in	  underlying	  
geology	  and	  fit	  for	  use	  at	  a	  variety	  of	  geographical	  locations	  throughout	  the	  UK	  and	  
internationally.	  
There	  were	  no	  features	  in	  the	  profiles	  for	  either	  peak	  set,	  such	  as	  peak	  height	  ratios	  or	  the	  
presence	  or	  absence	  of	  certain	  peaks,	  that	  remained	  constant	  for	  any	  site	  at	  any	  location	  
across	  all	  the	  various	  time	  points,	  as	  shown	  in	  figures	  6.61	  and	  6.62	  for	  the	  managed	  grassland	  
data	  at	  Brockwell	  park,	  so	  it	  was	  not	  possible	  to	  identify	  any	  markers	  that	  were	  specific	  to	  a	  
particular	  geographic	  location,	  for	  instance	  there	  was	  no	  feature	  that	  was	  consistently	  
observed	  at	  the	  Brockwell	  Park	  site,	  nor	  were	  any	  marker	  peaks	  identified	  for	  specific	  land	  use	  
types,	  therefore	  there	  is	  no	  evidence	  at	  this	  stage	  to	  suggest	  that	  the	  HPLC	  profile	  of	  a	  location	  
is	  indicative	  of	  the	  land	  use.	  	  Likewise,	  it	  was	  not	  possible	  to	  discern	  any	  commonalities	  
between	  samples	  from	  the	  same	  location	  type	  at	  the	  different	  sites,	  for	  instance	  managed	  
grassland	  soils	  were	  not	  observed	  to	  share	  similar	  profiles	  across	  all	  four	  parks.	  	  It	  is	  unlikely	  
that	  geoforensic	  evidence	  from	  a	  particular	  location	  type	  at	  another	  site	  would	  yield	  an	  HPLC	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profile	  analogous	  to	  that	  of	  soils	  with	  the	  same	  location	  type	  in	  this	  study,	  which	  demonstrates	  
the	  need	  for	  cautious	  interpretation	  of	  the	  results	  for	  these	  samples	  and	  careful	  consideration	  
must	  therefore	  be	  given	  to	  the	  suitability	  of	  using	  geoforensic	  HPLC	  profiles	  in	  conjunction	  
with	  large	  scale	  databases	  for	  intelligence	  purposes.	  	  	  	  As	  discussed	  in	  Chapter	  5,	  the	  lack	  of	  
specific	  markers	  for	  a	  geographical	  location	  or	  type	  of	  land	  use	  suggests	  that	  this	  profiling	  
technique	  is	  better	  suited	  for	  evidentiary	  analyses	  for	  the	  comparison	  of	  samples	  with	  
questioned	  and	  known	  provenance,	  as	  opposed	  to	  the	  identification	  of	  a	  particular	  location	  
type	  or	  geographical	  region	  through	  comparison	  of	  the	  profile	  obtained	  from	  of	  a	  piece	  of	  
evidence	  with	  reference	  samples	  in	  a	  database.	  	  	  
In	  cases	  where	  all	  samples	  were	  collected	  at	  the	  same	  time,	  all	  four	  location	  types	  were	  
grouped	  with	  high	  levels	  of	  accuracy,	  96.7%	  of	  managed	  grassland	  samples	  were	  assigned	  
correctly,	  97.7%	  of	  samples	  from	  the	  location	  adjacent	  to	  fresh	  water	  were	  accurately	  
attributed	  to	  that	  location,	  98.0%	  of	  samples	  from	  the	  unmanaged	  land	  were	  correctly	  
classified,	  while	  99.3%	  of	  woodland	  soils	  were	  attributed	  to	  the	  correct	  location	  type.	  	  For	  the	  
CDFA	  performed	  on	  samples	  collected	  across	  all	  time	  points,	  however,	  overall	  accuracy	  rates	  
from	  for	  each	  location	  type	  were	  lower,	  and	  more	  varied.	  	  For	  these	  data	  the	  poorest	  accuracy	  
was	  achieved	  for	  the	  managed	  grassland	  samples,	  at	  68.8%,	  while	  this	  improved	  to	  74.4%	  
accuracy	  for	  samples	  from	  the	  location	  adjacent	  to	  fresh	  water	  and	  79.4%	  for	  the	  samples	  
from	  unmanaged	  land,	  while	  82.2%	  of	  the	  soils	  from	  the	  woodland	  location	  were	  able	  to	  be	  
assigned	  to	  the	  correct	  location.	  	  Regardless	  of	  the	  length	  of	  the	  time	  period	  over	  which	  
samples	  were	  collected,	  the	  discriminatory	  ability	  of	  the	  technique	  across	  the	  different	  land	  
uses	  was	  the	  same,	  woodland	  samples	  were	  the	  most	  successfully	  grouped	  location	  type,	  
followed	  by	  the	  unmanaged	  land,	  then	  the	  location	  adjacent	  to	  water,	  with	  the	  fewest	  samples	  
correctly	  grouped	  at	  the	  managed	  grassland	  location.	  	  While	  this	  suggests	  that	  the	  technique	  
performs	  best	  when	  grouping	  samples	  from	  woodland	  locations,	  the	  ability	  to	  discriminate	  
between	  different	  location	  types	  remained	  high	  for	  all	  analyses,	  particularly	  where	  the	  sample	  
collection	  time	  frame	  is	  constrained,	  therefore	  the	  technique	  is	  not	  considered	  to	  be	  limited	  to	  
use	  at	  a	  particular	  location	  type.	  
The	  accuracy	  rates	  were	  high	  across	  all	  of	  the	  time	  points	  examined	  in	  this	  study,	  however	  the	  
accuracy	  rates	  were	  slightly	  higher	  for	  peak	  set	  A	  for	  all	  seasons.	  	  The	  poorest	  accuracy	  rate	  
was	  observed	  at	  the	  Autumn	  2013	  time	  point	  using	  peak	  set	  B,	  at	  just	  80.0%,	  and	  the	  poorest	  
average	  accuracy	  rate	  was	  obtained	  using	  both	  peak	  sets	  from	  samples	  collected	  in	  Autumn,	  
which	  was	  94.9%.	  	  In	  comparison,	  the	  average	  results	  for	  all	  data	  sets	  at	  the	  Winter,	  Spring	  and	  
Summer	  time	  points	  were	  slightly	  better,	  since	  these	  data	  sets	  achieved	  98.1%,	  100%	  and	  
99.3%	  accuracy	  in	  grouping	  the	  samples,	  respectively.	  	  	  In	  Winter,	  two	  of	  the	  six	  data	  sets	  
224	  
	  
failed	  to	  give	  100%	  accuracy,	  for	  the	  Aberdeen	  site	  using	  peak	  set	  A	  the	  accuracy	  was	  94.7%	  
giving	  an	  overall	  accuracy	  in	  grouping	  samples	  collected	  in	  Winter	  of	  98.2%	  for	  peak	  set	  A,	  
while	  for	  the	  London	  site	  using	  peak	  set	  B	  the	  accuracy	  was	  only	  90%,	  giving	  an	  overall	  
accuracy	  of	  96.7%	  for	  peak	  set	  B	  in	  Winter.	  	  In	  Spring,	  all	  samples	  were	  correctly	  classified	  with	  
both	  peak	  sets,	  while	  in	  Summer	  100%	  of	  samples	  were	  accurately	  grouped	  for	  seven	  of	  the	  
eight	  data	  sets,	  with	  the	  Edinburgh	  site	  achieving	  94.7%	  accuracy	  using	  peak	  set	  B.	  	  Four	  of	  the	  
eight	  data	  sets	  prepared	  from	  samples	  collected	  in	  Autumn	  were	  classified	  completely	  
correctly,	  however	  the	  London	  2013	  data	  for	  peak	  set	  A	  gave	  only	  89.5%	  accuracy	  and	  for	  peak	  
set	  B	  the	  accuracy	  rates	  were	  just	  80.0%,	  95.0%	  and	  95.0%	  for	  the	  London	  2013,	  London	  2014	  
and	  Aberdeen	  samples,	  respectively.	  
The	  data	  show	  that	  on	  average,	  the	  overall	  performance	  of	  the	  technique	  was	  largely	  
unaffected	  by	  the	  season	  in	  which	  samples	  were	  collected,	  therefore	  the	  ability	  of	  the	  
technique	  to	  discriminate	  samples	  from	  different	  locations	  is	  not	  strictly	  dependent	  on	  the	  
season	  in	  which	  samples	  are	  collected	  and	  technique	  has	  been	  demonstrated	  as	  suitable	  for	  
use	  throughout	  the	  year.	  	  There	  were	  a	  number	  of	  ways	  to	  visually	  discriminate	  the	  profiles	  of	  
the	  four	  locations	  at	  each	  site	  for	  each	  of	  the	  different	  time	  point,	  such	  as	  comparison	  of	  the	  
retention	  times	  of	  the	  largest	  peaks,	  however	  examination	  of	  the	  profiles	  obtained	  at	  each	  of	  
the	  time	  points	  failed	  to	  reveal	  any	  seasonal	  markers,	  or	  common	  features	  that	  could	  be	  used	  
to	  identify	  samples	  collected	  at	  specific	  times	  of	  year.	  	  Neither	  were	  there	  any	  seasonal	  trends	  
observable	  in	  the	  profiles,	  for	  instance	  the	  growth	  and	  decline	  of	  a	  particular	  peak	  throughout	  
the	  year.	  	  	  This	  HPLC	  technique	  has	  therefore	  been	  demonstrated	  to	  be	  robust	  to	  changes	  in	  
sampling	  season,	  for	  cases	  where	  all	  samples	  are	  collected	  at	  the	  same	  time.	  
The	  profiles	  obtained	  for	  any	  particular	  location	  within	  a	  site	  varied	  were	  shown	  to	  be	  highly	  
variable	  from	  one	  point	  in	  the	  year	  to	  the	  other,	  which	  could	  be	  useful	  in	  case	  scenarios	  where	  
it	  is	  necessary	  to	  compare	  samples	  from	  the	  same	  specific	  location	  that	  are	  suspected	  to	  have	  
been	  transferred	  to	  an	  item	  of	  evidence	  at	  a	  different	  time	  of	  year	  from	  the	  collection	  of	  
reference	  samples.	  	  This	  variability	  did	  however	  impact	  negatively	  on	  the	  ability	  to	  make	  
accurate	  discriminations	  between	  sample	  locations	  when	  the	  samples	  had	  been	  collected	  at	  
different	  times	  of	  year,	  although	  these	  effects	  varied	  according	  to	  sample	  site	  and	  the	  data	  set	  
used.	  	  Peak	  set	  A	  performed	  far	  better	  than	  peak	  set	  B,	  with	  accuracies	  in	  the	  ranges	  of	  68.9-­‐
98.4%	  and	  60.0-­‐70.8%,	  respectively	  for	  the	  two	  sets,	  which	  improved	  to	  91.3-­‐98.4%	  and	  68.8-­‐
70.8%	  when	  the	  data	  generated	  in	  a	  different	  laboratory	  were	  eliminated,	  which	  suggests	  that	  
peak	  set	  A	  would	  be	  a	  better	  choice	  in	  cases	  where	  there	  is	  doubt	  as	  to	  when	  the	  crime	  has	  
been	  committed	  or	  there	  is	  suspected	  to	  have	  been	  a	  change	  in	  season	  prior	  to	  collecting	  
reference	  samples.	  	  The	  Edinburgh	  sites	  produced	  the	  highest	  accuracy	  of	  discrimination	  for	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these	  data	  sets	  (98.4%),	  and	  the	  lowest	  accuracy	  for	  the	  London	  site	  (68.9%)	  however,	  as	  
discussed	  previously,	  variability	  may	  have	  been	  introduced	  to	  the	  London	  data	  set	  through	  the	  
necessity	  to	  use	  a	  different	  laboratory	  and	  HPLC	  instrument	  at	  the	  two	  earliest	  time	  points,	  
and	  when	  these	  potentially	  affected	  results	  were	  removed,	  the	  London	  site	  performed	  far	  
better	  (91.3%).	  	  These	  results	  suggest	  that	  the	  HPLC	  technique	  is	  robust	  to	  delays	  in	  sample	  
collection,	  provided	  that	  peak	  set	  A	  is	  used	  for	  the	  discrimination.	  
The	  classification	  accuracy	  rate	  achieved	  for	  the	  two	  sets	  of	  marker	  peaks	  was	  very	  high	  in	  
both	  cases,	  with	  both	  sets	  achieving	  100%	  accuracy	  at	  the	  majority	  of	  sites	  and	  time	  points,	  
and	  the	  results	  for	  the	  full	  data	  set	  were	  consistent	  with	  those	  discussed	  in	  chapter	  5	  for	  the	  
Winter	  data	  and	  were	  slightly	  better	  for	  peak	  set	  A.	  	  Peak	  set	  A	  which	  achieved	  100%	  accuracy	  
in	  discriminating	  sample	  groups	  for	  13	  out	  of	  15	  the	  single	  time-­‐point	  data	  sets,	  giving	  an	  
overall	  accuracy	  of	  99.3%	  for	  these	  data,	  while	  for	  peak	  set	  B	  100%	  accuracy	  was	  achieved	  for	  
10	  out	  of	  the	  15	  data	  sets,	  giving	  an	  overall	  accuracy	  rate	  of	  96.98%.	  	  	  For	  the	  analyses	  using	  
data	  collected	  at	  multiple	  time	  points,	  overall	  mean	  accuracy	  rate	  was	  once	  again	  higher	  for	  
peak	  set	  A	  which	  was	  88.33%	  than	  for	  peak	  set	  B,	  where	  the	  mean	  accuracy	  across	  the	  four	  
data	  sets	  was	  66.03%.	  	  There	  were	  misclassifications	  for	  all	  of	  the	  data	  sets	  collected	  at	  
multiple	  time	  points,	  for	  both	  peak	  set	  A	  and	  B,	  however	  there	  were	  fewer	  misclassifications	  
for	  peak	  set	  A	  than	  for	  peak	  set	  B,	  as	  53	  of	  the	  total	  700	  sample	  classifications	  on	  these	  data	  
were	  misclassified	  when	  peak	  set	  A	  was	  used,	  while	  this	  figure	  was	  more	  than	  doubled	  when	  
peak	  set	  B	  was	  used,	  resulting	  in	  119	  misclassified	  samples.	  	  When	  all	  data	  sets	  are	  considered,	  
set	  A	  has	  been	  demonstrated	  to	  offer	  higher	  accuracy	  rates	  in	  all	  cases,	  and	  performed	  far	  
better	  than	  peak	  set	  B	  for	  data	  sets	  containing	  samples	  collected	  at	  different	  times	  of	  year.	  	  
The	  error	  bars	  displayed	  on	  the	  profiles	  reflect	  the	  variability	  in	  the	  data	  for	  each	  location	  and,	  
as	  observed	  for	  the	  winter	  data	  discussed	  in	  Chapter	  5,	  the	  intra-­‐location	  variation	  was	  
similarly	  high	  for	  the	  rest	  of	  the	  time	  points,	  and	  was	  expected	  since	  the	  replicate	  samples	  had	  
not	  been	  homogenised	  or	  pooled.	  	  These	  results	  are	  therefore	  considered	  to	  offer	  an	  accurate	  
representation	  of	  the	  heterogeneity	  of	  each	  location	  of	  forensic	  interest,	  since	  any	  potentially	  
important	  diagnostic	  features	  in	  the	  profiles	  have	  been	  preserved,	  which	  is	  crucial	  when	  
comparing	  and	  excluding	  known	  and	  questioned	  samples.	  	  As	  discussed	  in	  Chapter	  5,	  the	  
variability	  within	  the	  very	  small	  area	  of	  soil	  at	  the	  individual	  sample	  points	  is	  likely	  to	  be	  
irrelevant	  in	  many	  crime	  scenarios,	  therefore	  it	  should	  be	  possible	  to	  improve	  the	  precision	  
between	  replicates	  without	  jeopardising	  accurate	  interpretation,	  by	  grinding	  the	  sub-­‐samples	  
prior	  analysis.	  	  This	  approach	  would	  not	  only	  ensure	  that	  the	  composition	  of	  the	  sub-­‐samples	  
were	  consistent,	  which	  reduces	  the	  absolute	  differences	  between	  the	  peak	  heights	  for	  each	  of	  
the	  sub-­‐samples,	  but	  also	  increase	  the	  amount	  of	  each	  compound	  in	  the	  final	  sample	  solutions	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and	  therefore	  improve	  the	  sensitivity	  of	  the	  technique,	  which	  would	  reduce	  the	  relative	  
magnitude	  of	  the	  variability	  in	  the	  data	  compared	  to	  the	  size	  of	  the	  peaks.	  	  
Another	  potential	  source	  of	  the	  variability	  observed	  in	  this	  study	  was	  the	  selection	  of	  locations	  
at	  each	  site,	  as	  was	  discussed	  for	  the	  winter	  data	  in	  Chapter	  5.	  	  	  Although	  there	  were	  broad	  
qualitative	  similarities	  in	  the	  land-­‐use	  for	  each	  location	  chosen	  within	  a	  site,	  there	  were	  no	  
additional	  pre-­‐selection	  criteria,	  such	  as	  controlling	  the	  variation	  and	  species	  of	  surrounding	  
vegetation	  for	  each	  type	  of	  location,	  which	  was	  considered	  to	  be	  a	  more	  forensically	  relevant	  
approach	  since	  offenders	  are	  more	  likely	  to	  consider	  situational	  factors	  such	  as	  visibility,	  
accessibility	  and	  frequency	  of	  public	  usage,	  rather	  than	  the	  specific	  vegetation	  planting,	  when	  
selecting	  a	  location	  to	  undertake	  criminal	  activities.	  	  	  	  
It	  may	  have	  been	  possible	  to	  maximise	  the	  inter-­‐location	  variability	  and	  identify	  vegetation	  or	  
land	  use	  markers	  through	  careful	  control	  of	  the	  planting	  at	  samples	  locations,	  	  for	  instance	  to	  
ensure	  that	  specific	  plant	  species	  were	  present	  and	  abundant	  for	  the	  same	  location	  types	  at	  
different	  sites,	  however	  the	  ecological	  validity	  of	  any	  technique	  developed	  in	  this	  manner	  
would	  be	  limited	  to	  situations	  where	  the	  vegetation	  at	  the	  crime	  scenes	  and	  alibi	  sites	  was	  
similarly	  constrained.	  	  In	  addition,	  the	  intra-­‐location	  variability	  could	  have	  been	  reduced	  if	  
sample	  locations	  had	  been	  chosen	  with	  limited	  diversity	  in	  the	  surface	  vegetation,	  for	  instance	  
by	  restricting	  the	  sample	  sites	  to	  monoculture	  areas,	  however	  the	  degree	  of	  improvement	  in	  
precision	  obtained	  using	  a	  more	  controlled	  experimental	  design	  is	  considered	  to	  be	  minimal,	  
since	  in	  this	  study	  there	  were	  equally	  high	  levels	  of	  variability	  obtained	  for	  locations	  of	  
homogenous	  vegetation.	  	  For	  example,	  the	  variability	  of	  the	  profiles	  generated	  for	  the	  
managed	  grassland	  locations,	  where	  the	  surface	  vegetation	  (turf	  grass)	  was	  consistent	  at	  each	  
sample	  point	  and	  each	  of	  the	  sites,	  was	  comparable	  to	  the	  results	  from	  woodland	  locations,	  
where	  there	  was	  a	  variety	  of	  plants	  within	  each	  location	  and	  predominantly	  different	  tree	  
species	  at	  each	  of	  the	  sites.	  
Further	  investigation	  of	  the	  complete	  HPLC	  profiles	  obtained	  in	  this	  study	  may	  be	  able	  to	  
identify	  alternative	  sets	  of	  useful	  markers	  that	  are	  indicative	  of	  the	  time	  of	  year	  the	  samples	  
were	  collected.	  	  In	  addition,	  future	  studies	  utilising	  a	  more	  frequent	  sampling	  strategy	  may	  be	  
able	  to	  discern	  the	  rate	  of	  decay	  or	  increase	  of	  particular	  profile	  peaks	  in	  order	  to	  aid	  
interpretation	  in	  cases	  where	  reference	  samples	  cannot	  be	  collected	  soon	  after	  the	  forensic	  




The	  results	  of	  this	  study	  show	  that	  the	  ability	  of	  this	  technique	  to	  discriminate	  between	  
locations	  in	  a	  small	  scale	  site	  is	  not	  affected	  by	  the	  underlying	  geology	  or	  geographical	  location	  
of	  the	  sample	  site,	  nor	  by	  the	  season	  in	  which	  the	  samples	  are	  collected.	  	  The	  analysis	  was	  also	  
shown	  to	  be	  robust	  to	  delays	  in	  the	  collection	  of	  reference	  samples,	  or	  other	  case	  scenarios	  
where	  the	  samples	  are	  collected	  at	  multiple	  different	  times	  of	  year.	  	  There	  were	  no	  seasonal	  
patterns	  in	  the	  data,	  for	  instance	  a	  steady	  increase	  in	  the	  size	  of	  a	  particular	  peak	  or	  peak	  ratio,	  
nor	  were	  there	  any	  seasonal	  or	  location	  markers	  identified	  in	  the	  data,	  and	  the	  profiles	  varied	  
at	  each	  site	  and	  location	  between	  time	  points,	  which	  suggests	  that	  it	  is	  not	  possible	  at	  this	  
time	  to	  use	  the	  technique	  in	  “seek	  and	  find”	  intelligence	  cases.	  	  It	  may	  however	  be	  possible	  to	  
identify	  alternative	  sets	  of	  markers,	  better	  suited	  to	  identifying	  specific	  time	  points,	  
geographical	  locations,	  or	  land	  use,	  through	  further	  data	  analysis	  of	  the	  chromatographic	  
profiles	  generated	  for	  this	  study,	  or	  through	  further	  empirical	  studies	  utilising	  a	  more	  frequent	  
sampling	  strategy	  or	  more	  strictly	  defined	  location	  types.	  	  Nonetheless,	  the	  technique	  has	  
been	  shown	  to	  be	  well	  suited	  to	  its	  intended	  purpose	  of	  making	  comparisons	  between	  samples	  
with	  high	  rates	  of	  accuracy	  in	  performing	  exclusionary	  analyses	  of	  samples	  from	  different,	  
close	  proximity	  locations,	  all	  year	  round	  at	  a	  range	  of	  sites	  in	  the	  UK	  and	  abroad.	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7	  Complementary	  Techniques	  
7.1	  Introduction	  
The	  HPLC	  method	  developed	  in	  Chapter	  3	  has	  been	  shown	  in	  Chapter	  4	  to	  generate	  
chromatograms	  that	  allow	  for	  highly	  accurate	  discrimination	  of	  close-­‐proximity	  sites,	  and	  the	  
selection	  of	  peak	  marker	  sets	  in	  Chapter	  5	  significantly	  improved	  the	  practicality	  of	  the	  
technique	  by	  reducing	  the	  time	  required	  to	  clean	  the	  resulting	  data	  for	  exclusion	  by	  CDFA	  and	  
provided	  two	  alternative	  analysis	  strategies	  allowing	  the	  technique	  to	  be	  applied	  in	  the	  
manner	  most	  appropriate	  the	  forensic	  scenario.	  	  In	  Chapter	  6,	  the	  ability	  of	  the	  HPLC	  
technique	  was	  shown	  to	  be	  robust	  to	  various	  case	  relevant	  factors,	  such	  as	  changes	  in	  the	  
underlying	  geology	  of	  the	  site	  and	  the	  time	  of	  sample	  collection,	  and	  could	  therefore	  
potentially	  be	  applied	  in	  a	  range	  of	  different	  forensic	  scenarios,	  however	  the	  performance	  of	  
this	  new	  technique	  has	  not	  yet	  been	  assessed	  in	  relation	  to	  the	  existing	  techniques	  used	  in	  
forensic	  soil	  analyses	  described	  in	  Chapter	  2.	  	  This	  chapter,	  therefore,	  seeks	  to	  determine	  the	  
potential	  for	  this	  novel	  HPLC	  approach	  to	  add	  value	  to	  the	  current	  suite	  of	  analytical	  
techniques	  available	  to	  forensic	  geoscientists	  through	  comparison	  of	  the	  results	  obtained	  using	  
HPLC,	  at	  this	  close-­‐proximity	  spatial	  scale,	  with	  two	  established	  methods	  that	  have	  previously	  
used	  for	  the	  interpretation	  of	  soil	  and	  sediment	  evidence	  in	  court.	  
As	  discussed	  in	  Chapter	  2,	  the	  importance	  of	  utilising	  independent	  forms	  of	  analysis	  in	  the	  
assessment	  of	  forensic	  evidence	  has	  been	  outlined	  in	  the	  published	  literature,	  and	  it	  is	  
therefore	  of	  significant	  value	  to	  incorporate	  the	  combined	  analysis	  of	  the	  organic	  fraction	  with	  
the	  analysis	  of	  the	  inorganic	  fraction	  of	  forensic	  soils	  and	  sediments	  therefore,	  analysis	  of	  the	  
inorganic	  fraction	  of	  the	  samples	  was	  also	  undertaken	  using	  Quartz	  Grain	  Surface	  Texture	  
Analysis	  (QGSTA).	  	  Quartz	  grains	  are	  highly	  persistent	  and	  abundant	  in	  soil	  samples	  and	  
analysis	  of	  quartz	  grain	  surface	  texture	  by	  SEM	  can	  be	  used	  to	  reconstruct	  the	  geological	  
history	  of	  the	  quartz	  grains	  present	  in	  soils	  and	  sediments	  (170).	  The	  technique	  has	  previously	  
been	  demonstrated	  to	  be	  highly	  informative	  in	  the	  investigation	  of	  the	  provenance	  of	  
geoforensic	  samples	  (137)	  (106)	  and	  offers	  a	  number	  of	  advantages	  in	  forensic	  investigations	  
since	  it	  requires	  very	  small	  quantities	  and	  simple	  and	  a	  non-­‐destructive	  sample	  preparation,	  
which	  aids	  the	  interpretation	  of	  data	  derived	  from	  samples	  comprised	  of	  mixtures	  of	  material	  
from	  different	  provenances	  (13).	  QGSTA	  has	  been	  shown	  to	  work	  well	  in	  combination	  with	  
other	  forensic	  analytical	  techniques	  in	  previous	  studies	  (106)	  (135)	  and	  was	  therefore,	  
considered	  a	  good	  candidate	  for	  use	  in	  conjunction	  with	  HPLC.	  
229	  
	  
It	  is	  also	  beneficial	  to	  be	  able	  to	  offer	  a	  range	  of	  analyses	  to	  quantify	  and	  profile	  the	  organic	  
components	  of	  soil,	  to	  ensure	  that	  the	  organic	  fraction	  can	  be	  utilised	  in	  a	  wide	  variety	  of	  case	  
scenarios,	  and	  as	  discussed	  in	  Chapter	  2,	  there	  are	  many	  analytical	  techniques	  used	  in	  soil	  
science	  to	  monitor	  the	  organic	  composition	  of	  soils	  for	  agricultural	  or	  environmental	  
protection	  purposes,	  or	  indeed	  in	  earth	  sciences	  research.	  	  For	  forensic	  purposes	  however	  it	  is	  
problematic	  that	  many	  of	  these	  analyses	  require	  large	  quantities	  of	  sample	  or	  require	  complex	  
sample	  preparation,	  to	  the	  extent	  that	  they	  cannot	  give	  the	  levels	  of	  accuracy	  and	  precision,	  
required	  for	  forensic	  work,	  nor	  can	  they	  be	  considered	  practical	  for	  implementation	  in	  a	  
forensic	  context	  (14)(111).	  
There	  is,	  however,	  another	  chromatographic	  approach	  that	  has	  been	  demonstrated	  to	  offer	  
valuable	  data	  from	  the	  analysis	  of	  the	  composition	  of	  the	  organic	  fraction	  of	  soil;	  the	  
determination	  of	  wax	  markers	  by	  Gas	  Chromatography	  (GC)	  This	  technique	  produces	  complex	  
profiles	  which	  are	  known	  to	  vary	  across	  small,	  forensically	  relevant	  spatial	  scales	  and	  for	  sites	  
with	  different	  planting	  and	  land	  uses	  (18)(92)	  (108)	  (111)	  (31)	  (32)	  (30)	  (33)	  (34).	  	  	  The	  profiles	  
of	  wax	  markers	  in	  soil	  have	  been	  found	  to	  reflect	  the	  composition	  of	  the	  compounds	  found	  in	  
the	  leaves,	  stems	  and	  roots	  of	  the	  plants	  grown	  in	  them,	  and	  these	  profiles	  are	  known	  to	  
remain	  stable	  over	  time,	  providing	  a	  historical	  record	  of	  the	  vegetation	  present	  at	  a	  site	  (111).	  	  	  
A	  database	  of	  wax	  marker	  profiles	  has	  been	  developed	  for	  a	  range	  of	  forensically	  relevant	  land	  
use	  and	  vegetation	  types	  in	  the	  UK,	  and	  the	  wax	  marker	  profiles	  of	  numerous	  plant	  species	  are	  
now	  well	  understood,	  and	  as	  such,	  this	  type	  of	  analysis	  is	  potentially	  an	  excellent	  intelligence	  
tool	  (112).	  	  	  In	  addition,	  since	  the	  wax	  marker	  profiles	  are	  so	  complex,	  it	  has	  been	  
demonstrated	  that	  it	  is	  possible	  to	  profile	  soil	  from	  a	  specific	  location	  for	  evidentiary	  purposes	  
(108)	  Since	  determination	  of	  the	  wax	  marker	  content	  by	  GC	  currently	  provides	  highly	  
discriminatory	  results	  in	  forensically	  relevant	  scenarios	  and	  can	  be	  used	  in	  conjunction	  with	  
existing	  soil	  databases,	  this	  was	  chosen	  as	  a	  comparator	  technique	  in	  this	  study	  to	  identify	  
forensic	  scenarios	  where	  the	  HPLC	  technique	  could	  offer	  added	  benefits	  or	  where	  combined	  
use	  of	  the	  two	  techniques	  could	  be	  used	  to	  complement	  one	  another	  by	  corroborating	  the	  
results	  for	  the	  organic	  fraction,	  or	  improving	  the	  spatial	  precision	  or	  accuracy	  of	  the	  
discrimination.	  
The	  aim	  of	  this	  study	  was	  therefore	  to	  compare	  the	  newly	  developed	  HPLC	  method	  with	  
QGSTA	  and	  GC	  to	  evaluate	  the	  extent	  to	  which	  it	  can	  offer	  a	  complementary	  approach	  to	  
enhance	  or	  augment	  the	  informative	  value	  of	  soils	  and	  sediments	  in	  forensic	  investigations.	  	  
The	  sections	  of	  this	  chapter	  which	  compare	  the	  results	  of	  HPLC	  and	  QGSTA	  have	  been	  
presented	  by	  McCulloch	  et.	  al.	  (33),	  and	  those	  sections	  comparing	  HPLC	  and	  GC	  have	  been	  




The	  four	  sites	  described	  in	  Chapters	  4-­‐6	  (Brockwell	  Park	  in	  London,	  Lochend	  Park	  in	  Edinburgh,	  
Craigiebuckler	  Estate	  in	  Aberdeen,	  and	  Central	  Park	  in	  New	  York	  City)	  were	  used	  in	  this	  study.	  	  
For	  the	  comparison	  with	  QGSTA,	  samples	  were	  collected	  from	  the	  London	  site	  and	  analysed	  as	  
part	  of	  the	  proof	  of	  concept	  study	  (Chapter	  4)	  and	  the	  methodology	  for	  these	  data	  is	  discussed	  
fully	  by	  McCulloch	  et.	  al.	  (33),	  while	  the	  HPLC	  samples	  used	  to	  compare	  the	  results	  of	  the	  wax	  
marker	  determination	  by	  GC	  were	  those	  samples	  collected	  from	  each	  of	  the	  four	  sites	  and	  
analysed	  as	  described	  by	  McCulloch	  et	  al	  (34)	  in	  the	  study	  to	  identify	  the	  marker	  peak	  sets	  
(Chapter	  4)	  and	  used	  as	  the	  Winter	  time	  point	  during	  the	  investigation	  of	  geographic	  and	  
temporal	  variability	  (Chapter	  6).	  	  
7.2.1	  QGSTA	  Methodology	  
As	  described	  in	  McCulloch	  et.	  al.(33),	  approximately	  5g	  of	  each	  sample	  was	  allowed	  to	  
equilibrate	  to	  ambient	  conditions	  then	  washed	  with	  deionised	  water	  until	  no	  further	  organic	  
matter	  was	  visible.	  	  The	  remaining,	  inorganic	  fraction	  was	  transferred	  to	  a	  watch	  glass	  and	  
allowed	  to	  dry.	  	  The	  samples	  were	  viewed	  under	  a	  binocular	  microscope	  (Nikon	  10x/23)	  and	  50	  
quartz	  grains	  were	  removed	  with	  forceps	  and	  placed	  onto	  a	  scanning	  electron	  microscope	  
(SEM)	  stub	  covered	  with	  double	  sided	  adhesive	  tape.	  	  The	  SEM	  stubs	  were	  then	  sputter	  coated	  
with	  gold	  and	  examined	  by	  SEM	  (Cambridge	  Instruments	  Stereoscan	  90	  at	  5KeV).	  The	  
morphology	  and	  surface	  texture	  of	  each	  grain	  was	  assessed	  and	  the	  range	  of	  grain	  types	  
present	  identified	  accordingly	  (after	  Bull	  and	  Morgan	  (137)),	  each	  grain	  present	  in	  each	  sample	  
was	  assigned	  a	  category	  and	  the	  relative	  abundance	  of	  grains	  in	  each	  category	  was	  used	  to	  
compare	  the	  samples.	  
7.2.2	  Wax	  Marker	  Methodology	  
Wax	  marker	  analysis	  was	  performed	  according	  to	  the	  method	  detailed	  in	  Morrison	  et.	  al.	  
(112),	  which	  was	  derived	  from	  Dove	  and	  Mayes	  (171),	  excluding	  the	  derivitisation	  steps	  as	  no	  
mass	  spectrometry	  was	  required	  to	  identify	  these	  markers.	  	  All	  solvents	  were	  redistilled	  prior	  
to	  use	  and	  all	  aliquots	  were	  transferred	  with	  glass	  tipped,	  calibrated,	  auto-­‐pipettes.	  	  All	  
glassware	  was	  ashed	  and	  rinsed	  in	  n-­‐heptane	  prior	  to	  use.	  	  All	  samples	  were	  crushed	  with	  a	  
mortar	  and	  pestle,	  weighed,	  then	  dried	  in	  an	  oven	  at	  50	  oC	  for	  two	  hours	  and	  their	  moisture	  
content	  calculated.	  	  
To	  each	  dry	  sample,	  internal	  standards	  of	  docosane	  (C22	  )	  and	  tetratriacontane	  (C34)	  were	  
added	  at	  a	  concentration	  of	  0.0506mg/g	  in	  decane,	  then	  n-­‐heptacosanol	  (1-­‐C27-­‐ol)	  was	  added	  
at	  a	  concentration	  of	  0.2179	  mg/g	  in	  50:50	  (v/v)	  n-­‐heptane:	  ethanol.	  	  Samples	  were	  saponified	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in	  1M	  ethanolic	  KOH	  at	  90OC	  for	  16	  hours	  then	  the	  organic	  layer	  was	  extracted	  in	  3:1	  water:	  n-­‐
heptane.	  	  This	  solution	  was	  evaporated	  to	  dryness	  and	  redissolved	  in	  heptane.	  	  	  
The	  extract	  was	  loaded	  onto	  a	  silica	  column	  that	  had	  been	  loaded	  with	  n-­‐heptane,	  then	  the	  
hydrocarbons	  were	  eluted	  with	  an	  n-­‐heptane:	  ethyl	  acetate	  solvent	  system,	  ketones	  were	  
removed	  from	  the	  column	  in	  the	  97:3	  fraction,	  and	  the	  crude	  alcohol	  fraction	  was	  collected	  in	  
the	  80:20	  fraction.	  	  The	  hydrocarbon	  and	  crude	  alcohol	  extracts	  were	  then	  evaporated	  to	  
dryness.	  	  	  
7.2.2.1	  Alkane	  sample	  preparation	  
The	  hydrocarbon	  fraction	  was	  redissolved	  in	  n-­‐heptane,	  evaporated	  to	  dryness,	  then	  dissolved	  
in	  20μl	  dodecane	  prior	  to	  injection	  onto	  the	  GC	  using	  the	  parameters	  detailed	  in	  table	  7.1.	  
7.2.2.2	  Alcohol	  sample	  preparation	  
Each	  of	  the	  crude	  alcohol	  fractions	  were	  redissolved	  in	  100	  μl	  n-­‐heptane	  and	  30μl	  was	  loaded	  
onto	  a	  capped,	  1ml	  glass	  solid	  phase	  extraction	  (SPE)	  column	  which	  was	  packed	  with	  60mg	  
Chromasorb	  HP	  (80-­‐100	  mesh)	  packing	  material	  in	  n-­‐heptane,	  and	  to	  which	  60μl	  saturated	  
urea	  in	  ethanol	  had	  been	  added.	  	  	  The	  columns	  were	  placed	  in	  an	  oven	  at	  70	  OC	  for	  20min	  and	  
allowed	  to	  dry	  overnight,	  then	  the	  sterol/stanol	  fraction	  was	  recovered	  by	  elution	  with	  n-­‐
heptane	  and	  the	  n-­‐alcohols	  were	  subsequently	  eluted	  with	  water.	  	  Both	  fractions	  were	  then	  
evaporated	  to	  dryness	  prior	  to	  derivatisation.	  
Acetate	  derivatives	  of	  the	  n-­‐alcohols	  were	  prepared	  by	  heating	  overnight	  with	  pyridine:	  acetic	  
anhydride	  (5:1)	  at	  50oC.	  	  The	  acetate	  derivative	  was	  then	  repeatedly	  re-­‐dissolved	  in	  n-­‐heptane	  
then	  evaporated	  to	  dryness	  until	  no	  acetic	  acid	  smell	  was	  observed,	  then	  dissolved	  in	  25μl	  
dodecane	  prior	  to	  injection	  onto	  the	  GC	  using	  the	  parameters	  detailed	  in	  table	  7.1.	  
Table	  7.1:	  	  GC	  Instrument	  Parameters	  
Sample	  type:	   n-­‐alkane	   n-­‐alcohol	  
Column	   SGE	  BP1	  0.5um,	  30m	  x	  
0.52mm	  id.	  
ZB	  5HT	  Inferno	  0.25um,	  30m	  
x	  0.25mm	  id	  
Temperature	  programme	   170C	  for	  4min,	  30	  oC/min	  to	  
215C,	  1	  min	  hold,	  	  
170	  oC	  for	  5	  minutes	  
30oC/min	  to	  210C	  1	  min	  
hold,	  5.3oC/min	  to	  320oC,	  7	  
min	  hold	  
Injector	   0.7ul,	  direct	  injection	  (280C)	   0.8ul,	  	  direct	  injection	  (275	  
oC)	  	  
Detector	   Flame	  Ionisation	  (340	  oC)	   Flame	  Ionisation(300	  oC)	  
Carrier	  Gas	   Helium,	  4ml/min	   Helium,	  3.5ml/min	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7.2.3	  Data	  Analysis	  
7.2.3.1	  HPLC	  Data	  analysis	  
The	  marker	  sets	  presented	  in	  chapter	  5	  and	  by	  McCulloch	  et	  al.	  (34)	  are	  useful	  markers	  for	  
exclusionary	  comparison	  of	  soils	  at	  this	  spatial	  scale,	  which	  give	  very	  high	  accuracy	  when	  
grouping	  samples	  using	  multivariate	  statistical	  methods.	  	  The	  HPLC	  profiles	  were	  first	  
integrated	  using	  Agilent	  Chemstation	  software,	  eliminating	  all	  peaks	  that	  were	  below	  the	  limit	  
of	  quantification,	  then	  the	  data	  for	  each	  of	  the	  peaks	  in	  Table	  7.2	  were	  adjusted	  for	  variations	  
in	  sample	  quantity	  and	  CDFA	  was	  performed	  on	  the	  resulting	  data	  in	  SPSS.	  	  	  
Table	  7.2:	  	  Retention	  Times	  of	  HPLC	  Markers	  (McCulloch	  et	  al.)	  (34)	  
Marker	  Set	   Peak	  Retention	  Times	  (min)	  
A	   4.4,	  9.0,	  9.4,	  10.0,	  10.8,	  11.6,	  12.2,	  12.6,	  
13.6,	  14.2,	  15.0,	  15.5,	  15.8,	  	  18.8,	  19.6,	  	  20.3,	  
23.6,	  24.3,	  37.3,	  30.4,	  30.8	  
B	   1.9,	  4.4,	  6.7,	  12.2,	  13.2,	  13.7,	  15.0,	  19.1,	  
24.5,	  26.9,	  28.5	  
7.2.3.2	  GC	  Data	  Analysis	  
The	  GC	  data	  were	  analysed	  using	  chromquest	  software,	  then	  the	  absolute	  concentration	  of	  
each	  n-­‐alkane	  and	  n-­‐alcohol	  was	  calculated	  relative	  to	  internal	  and	  external	  standards.	  	  
Normalised	  concentrations	  were	  calculated	  relative	  to	  the	  total	  concentration	  of	  n-­‐alkanes	  or	  
n-­‐alcohols	  in	  the	  sample,	  then	  the	  mean	  values	  and	  standard	  errors	  for	  each	  n-­‐alkane	  and	  n-­‐
alcohol	  were	  calculated	  and	  plotted	  using	  Microsoft	  Excel.	  	  	  Previous	  work	  has	  shown	  that	  the	  
odd	  chain	  n-­‐alkanes	  and	  even	  chain	  n-­‐alcohols	  are	  typically	  more	  informative	  and	  
discriminatory,	  therefore	  the	  profiles	  of	  these	  markers	  were	  also	  plotted	  for	  comparison	  
(109)(112).	  	  The	  data	  were	  then	  analysed	  by	  CDFA	  using	  SPSS.	  
7.3	  Results	  and	  Discussion	  
The	  results	  of	  the	  comparison	  of	  the	  complementary	  use	  of	  HPLC	  profiling	  and	  QGSTA	  are	  
presented	  in	  section	  7.3.1	  while	  section	  7.3.2	  discusses	  the	  comparison	  of	  HPLC	  profiling	  with	  
wax	  marker	  profiling	  by	  GC	  
7.3.1	  Comparison	  with	  QGSTA	  
This	  work	  was	  performed	  as	  part	  of	  the	  feasibility	  study	  outlined	  in	  Chapter	  3,	  however	  the	  




7.3.1.1	  	  HPLC	  	  
As	  discussed	  in	  Chapters	  4	  and	  5,	  and	  presented	  by	  McCulloch	  et.	  al	  (33)	  distinctive	  
chromatographic	  profiles	  were	  observed	  for	  the	  four	  groups	  of	  samples	  (Figure	  7.1).	  	  
Figure	  7.1:	  	  Visual	  comparison	  of	  chromatograms	  
	  
The	  characteristic	  features	  detailed	  in	  table	  7.3	  allowed	  samples	  to	  be	  grouped	  with	  100%	  
accuracy	  by	  visual	  comparison.	  	  The	  process	  of	  visual	  comparison	  was	  relatively	  time	  
consuming,	  at	  two	  hours	  for	  20	  samples,	  and	  naturally	  subjective,	  preventing	  statistical	  
assessment	  of	  the	  significance	  of	  the	  degree	  of	  variability	  in	  the	  chromatography	  between	  
groups	  and	  within	  groups.	  








Major	  Peaks	  Present	  
	  
3-­‐5min	   17-­‐18min	   20-­‐21min	  
A	   5,	  8,	  14,	  18,	  
19	  
1E,	  1B,	  1D,	  1C,	  
1A	  
No	   No	   No	  
B	   1,	  2,	  4,	  9,	  10	   4E,	  4B,	  4D,	  4A,	  
4C	  
Yes	   Yes	   Yes	  
C	   6,	  7,	  9,	  13,	  
20	  
2D,	  2A,	  2C,	  
2B,	  2E	  
No	   Yes	   Yes	  
D	   3,	  11,	  15,	  16,	  
17	  
3C,	  3E,	  3A,	  3B,	  
3D	  




The	  statistical	  anaysis	  by	  CDFA	  for	  these	  data	  (Figure	  7.2)	  are	  discussed	  in	  greater	  detail	  in	  
Chapters	  4	  and	  5	  and	  by	  McCulloch	  et.	  al	  (33),	  however	  the	  groups	  were	  separated	  with	  100%	  
accuracy	  by	  the	  three	  discriminant	  functions	  produced	  in	  the	  analysis,	  which	  explained	  89.5%,	  
9.3%,	  and	  1.2%	  of	  the	  variance	  between	  the	  sample	  groups,	  respectively	  and	  were	  significant	  
at	  the	  99%	  confidence	  level.	  
Figure	  7.2:	  	  CDFA	  scatter	  plot	  for	  HPLC	  data	  
	  
Figure	  7.2:	  	  CDFA	  scatter	  plot	  for	  functions	  1	  and	  2	  showing	  location	  1	  (managed	  grassland)	  
in	  blue,	  	  location	  the	  2	  (the	  location	  adjacent	  to	  fresh	  water)	  in	  green,	  location	  3	  (unmanaged	  
land)	  in	  yellow	  and	  location	  4	  (woodland)	  in	  purple,	  group	  centres	  are	  indicated	  by	  blue	  
squares.	  
	  
7.3.1.2	  	  Quartz	  Grain	  Surface	  Texture	  Analysis	  	  
Analysis	  of	  the	  quartz	  grains	  revealed	  the	  presence	  of	  one	  predominant	  grain	  type	  in	  all	  the	  
samples,	  as	  has	  been	  presented	  by	  McCulloch	  et.	  al	  (33).	  This	  quartz	  grain	  type	  was	  a	  
diagenetic	  grain	  with	  some	  marine	  and	  fluvial	  indentors	  with	  smooth	  etching	  on	  the	  surfaces.	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degree	  of	  roundness	  (type	  Ia	  rounded	  grain,	  type	  Ib	  subrounded)	  and	  the	  presence	  of	  
complete	  grain	  breakages	  (type	  Ic)	  as	  shown	  in	  Figure	  7.3.	  	  It	  was	  also	  observed	  that	  many	  of	  
the	  grains	  analysed	  were	  elongate	  as	  shown	  in	  Figure	  7.4.	  
Figure	  7.3:	  SEM	  images	  of	  a	  Type	  1a	  rounded	  grain	  (top),	  a	  Type	  1b	  sub-­‐















For	  each	  sampling	  location,	  the	  50	  grains	  were	  classified	  for	  each	  sample	  (n=5)	  to	  sub	  type	  and	  
counted	  and	  the	  mean	  relative	  proportions	  for	  each	  grain	  type	  present	  was	  calculated	  for	  
comparison	  of	  the	  four	  different	  locations.	  	  These	  data	  are	  displayed	  in	  table	  7.4	  and	  figure	  










Table	  7.4:	  Summary	  of	  the	  relative	  proportions	  of	  the	  three	  main	  grain	  types	  for	  
each	  sample	  point.	  
	  
Location	   Sample	  Point	   %	  Type	  1a	   %	  Type	  1b	   %	  Type	  1c	  
1	  
A	   74.3	   14.3	   11.4	  
B	   54.2	   10.4	   35.4	  
C	   34.0	   48.0	   18.0	  
D	   34.0	   52.0	   14.0	  
E	   37.8	   44.4	   17.8	  
Range	   34.0-­‐74.0	   10.4-­‐52.0	   11.4-­‐35.4	  
Mean	   46.8	   33.8	   19.3	  
%RSD	   37.3	   58.6	   48.7	  
2	  
A	   40.9	   20.5	   38.6	  
B	   36.0	   42.0	   22.0	  
C	   30.0	   56.0	   14.0	  
D	   12.0	   80.0	   8.0	  
E	   25.6	   65.1	   9.3	  
Range	   12.0-­‐40.9	   20.5-­‐80.0	   8.0-­‐38.6	  
Mean	   28.9	   52.7	   18.4	  
%RSD	   38.4	   43.1	   68.4	  
3	  
A	   15.4	   15.4	   69.2	  
B	   36.1	   30.6	   33.3	  
C	   16.0	   78.0	   6.0	  
D	   32.7	   55.1	   12.2	  
E	   41.5	   41.5	   17.1	  
Range	   15.4-­‐41.5	   15.4-­‐78.0	   6.0-­‐69.2	  
Mean	   28.3	   44.1	   27.6	  
%RSD	   42.2	   54.2	   92.1	  
4	  
A	   6.3	   21.9	   71.9	  
B	   31.0	   12.1	   56.9	  
C	   28.0	   58.0	   14.0	  
D	   42.9	   44.9	   12.2	  
E	   22.5	   62.5	   15.0	  
Range	   6.3-­‐42.9	   12.1-­‐58.0	   12.2-­‐71.9	  
Mean	   26.1	   39.9	   34.0	  
%RSD	   51.2	   55.6	   83.1	  
Figure	  7.5	  shows	  the	  relative	  proportion	  of	  grains	  attributed	  to	  each	  grain	  type	  at	  each	  of	  the	  








Figure	  7.5:	  Mean	  (n=5)	  relative	  proportion	  of	  grain	  types	  for	  each	  location	  
	  
Each	  of	  the	  locations	  contained	  only	  three	  sub	  grain	  types;	  Ia	  rounded,	  Ib	  sub-­‐rounded	  and	  Ic	  
complete	  grain	  breakage.	  	  All	  of	  the	  samples	  analysed	  displayed	  a	  similar	  range	  and	  
distribution	  of	  grain	  types,	  regardless	  of	  sample	  location.	  	  Grains	  from	  the	  samples	  from	  each	  
location	  all	  displayed	  both	  weathering	  effects	  and	  surface	  markings	  consistent	  with	  having	  
been	  formed	  in	  a	  high	  energy,	  aqueous	  environment.	  	  Furthermore,	  the	  distinctive,	  elongated	  
grains	  observed	  were	  present	  at	  all	  locations.	  	  	  	  It	  has	  been	  demonstrated	  that	  across	  the	  UK,	  
on	  average	  there	  are	  2-­‐3	  distinct	  grain	  types	  present	  at	  a	  given	  location	  (137),	  so	  the	  lack	  of	  
diversity	  within	  these	  samples	  is	  distinctive,	  but	  ultimately	  for	  this	  study	  does	  not	  provide	  
additional	  discriminatory	  information	  for	  these	  samples	  taken	  from	  different	  locations	  within	  
the	  park.	  
The	  large	  relative	  standard	  deviations	  (RSD)	  displayed	  in	  table	  7.4	  demonstrate	  the	  wide	  
variation	  observed	  in	  the	  relative	  proportions	  of	  each	  grain	  type	  across	  the	  five	  sample	  points.	  	  
For	  each	  grain	  type	  the	  intra-­‐sample	  variation	  was	  such	  that,	  in	  most	  cases,	  the	  range	  of	  grain	  
type	  ratios	  for	  each	  location	  were	  overlapping	  and	  the	  inter-­‐location	  variability,	  determined	  by	  
the	  differences	  between	  the	  mean	  relative	  proportions	  for	  each	  grain	  type	  at	  each	  location,	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result,	  it	  was	  not	  possible	  to	  discriminate	  samples	  from	  different	  locations	  with	  any	  degree	  of	  
confidence	  based	  solely	  on	  the	  analysis	  of	  the	  surface	  textures	  of	  the	  quartz	  grains	  present.	  
The	  most	  notable	  differences	  between	  the	  locations	  were	  that	  the	  proportion	  of	  rounded	  
grains	  (Ia)	  at	  Location	  1	  was	  higher	  than	  at	  the	  other	  locations,	  indeed	  the	  mean	  proportion	  of	  
these	  grains	  at	  Location	  1	  was	  outside	  the	  range	  of	  proportions	  of	  rounded	  grains	  at	  the	  other	  
locations.	  	  In	  addition,	  the	  mean	  proportion	  of	  sub-­‐rounded	  grains	  (Ib)	  at	  Location	  2	  was	  
outside	  the	  range	  of	  that	  grain	  type	  at	  Location	  1.	  	  The	  relative	  proportions	  of	  each	  grain	  type	  
are	  clearly	  dependent	  on	  one	  another	  therefore	  whilst	  these	  observations	  can	  be	  made	  it	  is	  
not	  possible	  to	  use	  the	  proportion	  of	  a	  single	  grain	  type	  as	  a	  parameter	  for	  excluding	  different	  
locations	  in	  isolation,	  since	  the	  parameters	  for	  the	  two	  other	  grain	  sub-­‐types	  are	  inextricably	  
correlated.	  	  
While	  quartz	  grain	  surface	  texture	  analysis	  has	  been	  able	  to	  provide	  valuable	  exclusionary,	  and	  
in	  some	  cases	  diagnostic,	  intelligence	  and	  evidence	  in	  many	  forensic	  cases,	  the	  similarity	  of	  the	  
underlying	  geology	  and	  the	  fluvial	  sediments	  that	  are	  widely	  present	  in	  the	  Thames	  Valley	  
appear	  to	  have	  made	  the	  discrimination	  between	  sample	  locations	  within	  close	  proximity	  in	  
this	  particular	  location	  difficult.	  	  This	  further	  highlights	  the	  importance	  of	  developing	  additional	  
methods	  to	  add	  to	  the	  suite	  of	  techniques	  available	  for	  the	  analysis	  of	  geoforensic	  samples.	  	  It	  
also	  therefore,	  demonstrates	  the	  value	  that	  HPLC	  analysis	  can	  have	  for	  the	  analysis	  of	  samples	  
of	  close	  proximity	  where	  other	  arguably	  more	  well-­‐established	  techniques	  are	  not	  able	  to	  yield	  
discrimination	  between	  samples.	  	  It	  also	  serves	  as	  a	  valuable	  reminder	  of	  the	  importance	  of	  
utilising	  a	  suite	  of	  multiple	  independent	  analytical	  techniques	  that	  can	  be	  applied	  to	  
geoforensic	  samples	  on	  a	  case	  by	  case	  basis,	  in	  a	  manner	  that	  takes	  into	  account	  the	  different	  
impinging	  variables	  of	  pertinence	  to	  each	  new	  case	  
7.3.2	  Comparison	  of	  HPLC	  profiling	  with	  Wax	  Marker	  profiling	  by	  GC	  
In	  addition	  to	  comparing	  the	  performance	  of	  HPLC	  with	  an	  independent	  technique	  analysing	  
the	  inorganic	  fraction	  of	  the	  samples,	  the	  performance	  of	  HPLC	  was	  also	  assessed	  relative	  to	  
an	  established	  method	  for	  analysing	  the	  organic	  fraction	  of	  soils.	  	  The	  comparison	  of	  the	  HPLC	  
results	  with	  the	  results	  obtained	  for	  the	  determination	  of	  wax	  markers	  by	  GC	  are	  presented	  
below.	  	  The	  HPLC	  data	  has	  been	  presented	  in	  Chapter	  5	  (section	  5.3.2)	  and	  in	  Chapter	  6	  
sections	  (6.3.1,	  6.3.2,	  6.3.3	  and	  6.3.4	  for	  the	  Edinburgh,	  Aberdeen,	  London,	  	  and	  New	  York	  City	  
sites,	  respectively,	  at	  the	  Winter	  time	  point	  only),	  however	  	  a	  summary	  is	  provided	  here	  to	  




Figure	  7.6:	  	  HPLC	  Profiles	  from	  Lochend	  Park,	  Edinburgh	  
	  
Figure	  7.6:	  	  Edinburgh	  HPLC	  Profiles	  using	  marker	  set	  A	  (left)	  and	  B	  (right)	  for	  managed	  
grassland	  (blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  
(purple).	  
It	  was	  possible	  to	  discriminate	  all	  four	  locations	  within	  Lochend	  Park,	  Edinburgh	  on	  the	  basis	  of	  
the	  profiles	  of	  HPLC	  peak	  set	  A	  (Figure	  7.6),	  as	  presented	  in	  sections	  5.3.2	  and	  6.3.1	  and	  by	  
McCulloch	  et	  al.	  (34).	  	  	  The	  presence	  of	  the	  peak	  at	  10.8min	  and	  the	  absence	  of	  the	  peak	  at	  
15.8min	  were	  useful	  markers	  for	  soils	  adjacent	  to	  fresh	  water	  and	  unmanaged	  land,	  
respectively,	  while	  the	  profiles	  of	  woodland	  and	  managed	  grassland	  were	  more	  similar	  but	  
could	  be	  separated	  by	  differences	  in	  the	  relative	  size	  of	  certain	  pairs	  of	  peaks.	  
The	  profiles	  for	  HPLC	  peak	  set	  B	  (Figure	  7.6)	  were	  not	  as	  easily	  distinguishable	  at	  each	  of	  the	  
four	  locations	  in	  Lochend	  Park,	  Edinburgh.	  Under	  scrutiny	  however,	  each	  profile	  was	  different	  
from	  the	  others	  (34).	  	  	  The	  woodland	  samples	  were	  distinctive	  in	  that	  they	  had	  large	  peaks	  at	  
1.9min,	  while	  soils	  adjacent	  to	  fresh	  water	  were	  distinct	  in	  having	  their	  two	  largest	  peaks	  at	  1.9	  
and	  19.1min,	  that	  were	  similar	  in	  size	  to	  one	  another.	  	  It	  was	  more	  difficult	  to	  visually	  
discriminate	  the	  profiles	  of	  managed	  grassland	  and	  unmanaged	  land,	  however,	  as	  discussed	  in	  
McCulloch	  et.	  al.	  (34)	  the	  small	  peaks	  present	  in	  the	  managed	  grassland	  profiles	  at	  6.7	  and	  




Figure	  7.7:	  	  Wax	  Marker	  Profiles	  from	  Lochend	  Park,	  Edinburgh	  
	  
Figure	  7.7:	  	  Edinburgh	  Profiles	  of	  n-­‐alkanes	  (left)	  and	  alcohols	  (right)	  for	  managed	  grassland	  
(blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  (purple).	  
The	  wax	  marker	  profiles	  (Figure	  7.7)	  allowed	  for	  clear	  visual	  discrimination	  of	  the	  four	  sample	  
locations	  at	  Lochend	  Park.	  	  	  The	  location	  adjacent	  to	  fresh	  water	  and	  unmanaged	  land	  were	  
distinct	  in	  that	  C29	  was	  the	  most	  abundant	  marker,	  and	  could	  be	  separated	  from	  one	  another,	  
visually,	  through	  the	  presence	  of	  1-­‐C24-­‐ol	  for	  the	  soils	  adjacent	  to	  fresh	  water,	  a	  marker	  that	  
was	  absent	  in	  unmanaged	  land.	  	  The	  increase	  in	  concentration	  for	  the	  series	  C25,	  C27,	  C29	  and	  
C31	  was	  characteristic	  of	  managed	  grassland	  and	  woodland	  soils,	  however	  the	  increase	  
appeared	  more	  linear	  for	  woodland	  soils	  and	  exponential	  for	  the	  managed	  grassland,	  these	  
two	  locations	  could	  also	  be	  distinguished	  from	  one	  another	  through	  the	  ratio	  of	  1-­‐C24-­‐ol	  to	  1-­‐



















































































































































Edinburgh	   1-­‐3	   2-­‐3	   3	  
HPLC	  Set	  A	   100.0	   .000	   .000	   .022	   88.9	   8.3	   2.7	  
HPLC	  Set	  B	   100.0	   .000	   .018	   .397	   62.4	   32.5	   5.0	  
Wax	  
Markers	  
100.0	   .000	   .000	   .025	   70.8	   21.3	   7.9	  
	  
At	  Lochend	  Park,	  all	  three	  sets	  of	  markers	  gave	  100%	  accuracy	  in	  grouping	  samples	  to	  the	  
correct	  location	  when	  used	  in	  CDFA	  (Table	  7.5).	  	  The	  functions	  created	  for	  these	  sets	  of	  
variables	  correctly	  predicted	  the	  location	  that	  each	  sample	  belonged	  to.	  	  The	  first	  function	  
accounted	  for	  the	  greatest	  amount	  of	  variation	  between	  the	  groups	  for	  all	  three	  sets	  of	  
markers,	  at	  88.9%,	  62.4%	  and	  70.8%	  of	  the	  observed	  variance	  for	  HPLC	  set	  A,	  HPLC	  set	  B	  and	  
the	  Wax	  Markers,	  respectively.	  	  When	  either	  all	  three	  Functions,	  the	  group	  differences	  were	  






















Figure	  7.11:	  	  CDFA	  Scatter	  Plots	  from	  
Brockwell	  Park,	  London	  for	  wax	  marker	  
profiles,	  HPLC	  peak	  set	  A,	  and	  HPLC	  peak	  
set	  B	  at	  soils	  from	  locations	  adjacent	  to	  
fresh	  water	  (Green),	  unmanaged	  land	  
(Yellow),	  managed	  grassland	  (Blue),	  and	  
woodland	  (Purple)	  with	  the	  position	  
group	  centroids	  shown	  in	  black.	  
The	  scatter	  plots	  for	  function	  1	  and	  2	  (Figure	  7.8)	  show	  sample	  groups	  clustering	  according	  to	  
their	  sample	  location,	  with	  clear	  separation	  between	  the	  groups	  evident	  for	  all	  three	  sets	  of	  
markers.	  	  All	  samples	  were	  grouped	  correctly,	  as	  full	  separation	  of	  groups	  is	  achieved	  with	  








Figure	  7.9:	  	  HPLC	  Profiles	  from	  Brockwell	  Park,	  London.	  
	  
Figure	  7.9:	  	  London	  HPLC	  Profiles	  using	  marker	  set	  A	  (left)	  and	  B	  (right)	  for	  managed	  
grassland	  (blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  
(purple).	  
All	  four	  locations	  within	  Brockwell	  Park,	  London	  (Figure	  7.9)	  could	  be	  distinguished	  by	  the	  
profiles	  of	  HPLC	  peak	  set	  A.	  Comparison	  of	  the	  two	  tallest	  peaks	  for	  each	  location	  was	  useful	  in	  
discriminating	  the	  samples	  in	  this	  dataset.	  For	  soils	  adjacent	  to	  fresh	  water	  the	  two	  tallest	  
peaks	  were	  4.7	  and	  12.2min,	  whereas	  for	  woodland	  soils	  the	  peaks	  at	  9.4	  and	  15.3min	  were	  
largest,	  on	  the	  other	  hand	  the	  peaks	  at	  15.3	  and	  18.8min	  were	  the	  largest	  peak	  in	  the	  profiles	  
of	  both	  managed	  grassland	  and	  unmanaged	  land,	  suggesting	  the	  possibility	  that	  these	  peaks	  
are	  indicative	  of	  grassland	  soils.	  	  Peak	  height	  ratios	  were	  also	  used	  to	  distinguish	  the	  sites,	  and	  
full	  discussion	  of	  the	  visual	  similarities	  and	  differences	  is	  provided	  in	  sections	  5.3.2	  and	  6.3.3,	  
and	  in	  McCulloch	  et.	  al.	  (34)	  
The	  HPLC	  profiles	  for	  peak	  set	  B	  (Figure	  7.9)	  allowed	  all	  four	  samples	  locations	  within	  
Brockwell	  Park,	  London	  to	  be	  discriminated	  visually.	  	  To	  summarise	  the	  findings	  discussed	  in	  
sections	  5.3.2	  and	  6.3.3,	  and	  in	  McCulloch	  et.	  al.	  (34)	  the	  large	  size	  of	  the	  peak	  at	  6.73min	  
relative	  to	  the	  peak	  at	  12.2min	  distinguishes	  managed	  grassland	  from	  all	  other	  sample	  
locations,	  while	  the	  large	  size	  of	  the	  peaks	  at	  1.9min	  compared	  to	  all	  other	  peaks	  is	  distinctive	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woodland	  were	  visually	  more	  similar,	  however	  can	  be	  separated	  due	  to	  the	  presence	  of	  the	  
peak	  at	  24.5min	  for	  unmanaged	  land	  which	  is	  absent	  in	  woodland	  samples.	  
Figure	  7.10:	  	  Wax	  Marker	  Profiles	  from	  Brockwell	  Park,	  London	  
	  
Figure	  7.10:	  	  London	  Profiles	  of	  n-­‐alkanes	  (left)	  and	  alcohols	  (right)	  for	  managed	  grassland	  
(blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  (purple).	  
The	  different	  locations	  in	  Brockwell	  Park	  were	  not	  so	  easily	  discriminated	  using	  their	  wax	  
marker	  profiles	  (Figure	  7.10)	  and	  only	  the	  profile	  from	  unmanaged	  land	  was	  visually	  distinct	  
from	  the	  others	  with	  an	  exceptionally	  high	  concentration	  of	  1-­‐C26-­‐ol	  at	  44	  mg/g	  compared	  to	  
approximately	  10mg/g	  for	  the	  other	  locations.	  	  	  More	  subtle	  differences	  in	  the	  relative	  
concentrations	  of	  1-­‐C24-­‐ol	  and	  1-­‐C26-­‐ol	  	  allowed	  tentative	  discrimination	  of	  managed	  
grassland	  from	  woodland	  and	  soils	  adjacent	  to	  fresh	  water,	  as	  the	  1-­‐C24-­‐ol	  peak	  was	  13%	  
larger	  than	  the	  1-­‐C26-­‐ol	  	  for	  the	  former,	  while	  it	  was	  4%	  and	  9%	  smaller	  than	  1-­‐C26-­‐ol	  for	  	  
woodland	  and	  soils	  adjacent	  to	  fresh	  water,	  respectively.	  	  	  Likewise,	  small	  differences	  were	  
observed	  in	  the	  size	  difference	  between	  C31	  and	  C33	  at	  these	  two	  locations	  with	  an	  increase	  
of	  20%	  and	  49%	  from	  C31	  to	  C33	  for	  woodland	  and	  soil	  adjacent	  to	  fresh	  water.	  	  It	  should	  be	  
noted	  that	  these	  more	  subtle	  differences	  were	  fairly	  small	  in	  magnitude	  compared	  to	  the	  




















































































































































London	   1-­‐3	   2-­‐3	   3	  
HPLC	  Set	  
A	  
100.0	   0.000	   0.002	   0.034	   89.7	   7.0	   3.3	  
HPLC	  Set	  B	   90.0	   0.000	   0.041	   0.684	   84.8	   13.9	   1.3	  
Wax	  
Markers	  
80.4	   0.000	   0.011	   0.119	   81.7	   11.6	   6.6	  
	  
At	  Brockwell	  Park	  (Table	  7.6),	  only	  HPLC	  set	  A	  gave	  100%	  accuracy	  when	  used	  in	  CDFA,	  while	  
90%	  and	  80.4%	  of	  samples	  were	  assigned	  to	  the	  correct	  group	  for	  HPLC	  set	  B	  and	  the	  wax	  
markers,	  respectively.	  	  The	  first	  function	  accounted	  for	  89.7%,	  84.8%	  and	  81.7%	  of	  the	  
observed	  variance	  for	  HPLC	  set	  A,	  HPLC	  set	  B	  and	  the	  wax	  markers,	  respectively.	  	  When	  all	  
three	  Functions	  were	  used,	  the	  group	  differences	  were	  statistically	  significant	  at	  the	  >99%	  






















Figure	  7.11:	  	  CDFA	  Scatter	  Plots	  from	  
Brockwell	  Park,	  London	  for	  wax	  marker	  
profiles,	  HPLC	  peak	  set	  A,	  and	  HPLC	  peak	  
set	  B	  at	  soils	  from	  locations	  adjacent	  to	  
fresh	  water	  (Green),	  unmanaged	  land	  
(Yellow),	  managed	  grassland	  (Blue),	  and	  
woodland	  (Purple)	  with	  the	  position	  
group	  centroids	  shown	  in	  black.	  
The	  inaccuracies	  in	  the	  wax	  marker	  groupings	  at	  Brockwell	  Park	  were	  highest	  for	  the	  managed	  
grassland,	  with	  four	  samples	  misclassified	  as	  adjacent	  to	  fresh	  water	  and	  one	  sample	  
attributed	  to	  the	  woodland	  location.	  	  Woodland	  samples	  were	  also	  highly	  misclassified,	  one	  
was	  assigned	  to	  managed	  grassland	  while	  a	  further	  four	  were	  grouped	  with	  soil	  adjacent	  to	  
fresh	  water.	  	  Two	  samples	  were	  misclassified	  for	  HPLC	  set	  B,	  one	  sample	  from	  managed	  
grassland	  was	  predicted	  to	  belong	  to	  the	  unmanaged	  land	  group,	  while	  one	  sample	  from	  the	  






Figure	  7.12:	  	  HPLC	  Profiles	  from	  Central	  Park,	  New	  York.	  
	  
Figure	  7.12:	  	  New	  York	  HPLC	  Profiles	  using	  marker	  set	  A	  (left)	  and	  B	  (right)	  for	  managed	  
grassland	  (blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  
(purple).	  
The	  results	  for	  Central	  Park,	  New	  York	  City	  are	  discussed	  fully	  in	  sections	  5.3.2	  and	  6.3.4,	  and	  in	  
McCulloch	  et.	  al.	  (34).	  	  All	  four	  locations	  could	  be	  discriminated	  on	  the	  basis	  of	  their	  HPLC	  
profiles	  for	  peak	  set	  A	  (Figure	  7.12).	  	  The	  location	  adjacent	  to	  fresh	  water	  could	  be	  
unambiguously	  distinguished	  through	  the	  absence	  of	  a	  peak	  at	  10.8min,	  while	  the	  absence	  of	  
the	  peak	  at	  9min	  was	  a	  unique	  feature	  of	  the	  soils	  from	  unmanaged	  land	  at	  this	  site.	  	  The	  
profiles	  of	  the	  managed	  grassland	  and	  woodland	  locations	  were	  very	  similar,	  however	  there	  
was	  a	  noticeable	  difference	  between	  the	  two	  locations	  in	  the	  size	  of	  the	  peak	  at	  9min	  
compared	  to	  its	  neighbour	  at	  4.7min.	  	  	  
The	  profiles	  obtained	  for	  peak	  set	  B	  also	  varied	  across	  the	  four	  locations	  in	  Central	  Park	  (Figure	  
7.12),	  New	  York	  City.	  	  Soil	  profiles	  for	  unmanaged	  land	  could	  be	  separated	  from	  the	  other	  
three	  locations	  by	  the	  absence	  of	  the	  peak	  at	  1.9min,	  while	  the	  profiles	  from	  soil	  adjacent	  to	  
fresh	  water	  were	  most	  noticably	  different	  from	  the	  other	  locations	  in	  the	  ratio	  of	  the	  peak	  at	  
1.9min	  compared	  to	  the	  peak	  at	  12.2	  min.	  	  The	  peaks	  in	  the	  managed	  grassland	  samples	  were	  
generally	  three	  times	  as	  large	  as	  those	  for	  the	  location	  adjacent	  to	  fresh	  water,	  while	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the	  relative	  sizes	  of	  the	  peaks,	  and	  peak	  ratios	  discussed	  in	  sections	  5.3.2	  and	  6.3.4,	  and	  in	  
McCulloch	  et.	  al.	  (34)	  provided	  additional	  ways	  to	  separate	  the	  groups	  visually.	  
Figure	  7.13:	  	  Wax	  Marker	  Profiles	  from	  Central	  Park,	  New	  York	  	  
	  
Figure	  7.13:	  	  New	  York	  Profiles	  of	  n-­‐alkanes	  (left)	  and	  alcohols	  (right)	  for	  managed	  grassland	  
(blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  (purple).	  
The	  wax	  markers	  profiles	  (Figure	  7.13)	  allow	  woodland	  soils	  to	  be	  easily	  discriminated	  since	  
C31	  was	  present	  at	  a	  higher	  concentration	  than	  C29,	  whereas	  C29	  was	  more	  abundant	  than	  
C31	  for	  the	  other	  locations.	  	  	  Managed	  grassland	  contained	  elevated	  levels	  of	  C35	  compared	  to	  
C33,	  whereas	  for	  the	  other	  locations,	  C35	  was	  less	  abundant	  than	  C33.	  	  The	  most	  prominent	  
feature	  distinguishing	  the	  unmanaged	  land	  from	  soils	  adjacent	  to	  fresh	  water	  was	  the	  ratio	  of	  
10-­‐C29-­‐ol	  to	  1-­‐C26-­‐ol	  which	  was	  	  much	  higher	  for	  the	  former,	  at	  3.9:1,	  compared	  to	  2:1	  for	  the	  
latter.	  	  While	  it	  was	  possible	  to	  visually	  discriminate	  the	  four	  profiles,	  many	  of	  the	  












































































































































New	  York	   1-­‐3	   2-­‐3	   3	  
HPLC	  Set	  A	   100.0	   0.000	   0.000	   0.005	   92.3	   5.8	   1.9	  
HPLC	  Set	  B	   100.0	   0.000	   0.000	   0.071	   73.3	   24.1	   2.5	  
Wax	  
Markers	  
89.9	   0.000	   0.000	   0.003	   66.1	   25.3	   8.6	  
	  
Both	  HPLC	  sets	  A	  and	  B	  gave	  100%	  grouping	  accuracy	  at	  the	  New	  York	  site,	  while	  the	  wax	  
markers	  correctly	  assigned	  89.9%	  of	  the	  samples	  to	  their	  groups	  (Table	  7.7).	  	  	  The	  differences	  
between	  groups	  were	  statistically	  significant	  for	  all	  marker	  sets	  at	  the	  >99%	  confidence	  level	  
with	  functions	  1-­‐3.	  Function	  1	  accounted	  for	  92.3%,	  73.3%	  and	  66.1%	  of	  the	  variation	  between	  

























Figure	  7.14:	  	  CDFA	  Scatter	  Plots	  from	  
Central	  Park,	  	  New	  York	  for	  wax	  marker	  
profiles,	  HPLC	  peak	  set	  A,	  and	  HPLC	  peak	  
set	  B	  at	  soils	  from	  locations	  adjacent	  to	  
fresh	  water	  (Green),	  unmanaged	  land	  
(Yellow),	  managed	  grassland	  (Blue),	  and	  
woodland	  (Purple)	  with	  the	  position	  
group	  centroids	  shown	  in	  black.	  
The	  accuracy	  of	  the	  groupings	  at	  the	  Central	  Park	  site	  are	  reflected	  in	  the	  CDFA	  scatter	  plots	  
(Figure	  7.14),	  with	  good	  spacing	  between	  groups	  evident	  for	  HPLC	  peak	  sets	  A	  and	  B,	  and	  some	  
overlap	  of	  sample	  groups	  for	  the	  wax	  markers.	  	  	  CDFA	  on	  the	  wax	  marker	  data	  misclassified	  
one	  sample	  from	  managed	  grassland	  as	  unmanaged	  land,	  two	  samples	  from	  the	  location	  
adjacent	  to	  fresh	  water	  were	  assigned	  to	  managed	  grassland	  and	  one	  inaccurately	  placed	  in	  
the	  unmanaged	  land	  group,	  while	  three	  samples	  from	  unmanaged	  land	  were	  attributed	  to	  




Figure	  7.15:	  	  HPLC	  Profiles	  from	  Craigiebuckler,	  Aberdeen.	  
	  
Figure	  7.15:	  	  Aberdeen	  HPLC	  Profiles	  using	  marker	  set	  A	  (left)	  and	  B	  (right)	  for	  managed	  
grassland	  (blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  
(purple).	  
The	  profiles	  for	  HPLC	  peak	  set	  A	  allowed	  each	  of	  the	  four	  locations	  in	  Craigiebuckler	  Estate,	  
Aberdeen	  to	  be	  distinguished	  visually	  (Figure	  7.15).	  	  As	  outlined	  sections	  5.3.2	  and	  6.3.2,	  and	  in	  	  
McCulloch	  et.	  al.	  (34),	  for	  managed	  grassland	  samples	  were	  distinguished	  by	  having	  their	  
largest	  peak	  at	  9.4min	  and	  the	  profiles	  of	  soils	  adjacent	  to	  fresh	  water	  were	  unique	  in	  having	  
their	  largest	  peak	  at	  10.8min.	  The	  large	  relative	  height	  of	  the	  peak	  at	  30.8min	  was	  distinctive	  
of	  woodland	  soil	  profiles,	  and	  the	  profile	  of	  the	  samples	  from	  unmanaged	  land	  was	  distinctive	  
with	  the	  highest	  peak	  at	  30.4min.	  
Using	  peak	  set	  B	  (Figure	  7.15)	  the	  samples	  from	  the	  four	  locations	  within	  the	  Craigiebuckler	  
Estate,	  Aberdeen	  were	  easily	  distinguished	  by	  their	  HPLC	  profiles.	  Full	  discussion	  of	  the	  
differences	  between	  locations	  are	  provided	  in	  sections	  5.3.2	  and	  6.3.2,	  and	  in	  McCulloch	  et.	  al.	  
(34),	  however	  comparison	  of	  the	  retention	  time	  of	  and	  ratio	  between	  the	  two	  largest	  peaks	  at	  
each	  location	  was	  useful	  in	  grouping	  the	  samples	  from	  managed	  grassland	  and	  those	  from	  soils	  
adjacent	  to	  fresh	  water,	  while	  the	  ratio	  between	  the	  1.9min	  and	  12.2min	  peak	  pairs	  separated	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Figure	  7.16:	  	  Wax	  Marker	  Profiles	  from	  Craigiebuckler,	  Aberdeen	  
	  
Figure	  7.16:	  	  Aberdeen	  Profiles	  of	  n-­‐alkanes	  (left)	  and	  alcohols	  (right)	  for	  managed	  grassland	  
(blue),	  adjacent	  to	  fresh	  water	  (red),	  unmanaged	  land	  (green)	  and	  woodland	  (purple).	  
Woodland	  soils	  at	  the	  Craigiebuckler	  site	  could	  be	  easily	  identified	  from	  their	  wax	  marker	  
profile	  (Figure	  7.16),	  since	  C27	  was	  the	  most	  abundant	  n-­‐alkane,	  whereas	  C31	  had	  the	  highest	  
concentration	  of	  the	  n-­‐alkanes	  for	  the	  other	  locations.	  	  Unmanaged	  land	  was	  distinct	  from	  the	  
other	  locations	  since	  10-­‐C29-­‐ol	  was	  the	  most	  concentrated	  of	  the	  alcohols.	  	  The	  remaining	  
locations,	  adjacent	  to	  fresh	  water	  and	  managed	  grassland,	  could	  be	  differentiated	  by	  the	  ratios	  
of	  C33:C35,	  which	  were	  1.5:1	  and	  6.4:1,	  respectively.	  



















2	  Aberdeen	   1-­‐3	   2-­‐3	   3	  
HPLC	  Set	  
A	  
94.7	   .001	   .147	   .531	   90.6	   7.8	   1.5	  
HPLC	  Set	  
B	  
100.0	   .000	   .000	   .014	   97.4	   2.4	   0.2	  
Wax	  
Markers	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At	  the	  Aberdeen	  site	  (Table	  7.8),	  94.7%	  of	  samples	  were	  grouped	  correctly	  using	  HPLC	  set	  A,	  
while	  HPLC	  set	  B	  provided	  100%	  accuracy	  and	  the	  wax	  markers	  predicted	  the	  correct	  group	  in	  
86.2%	  of	  cases.	  	  The	  differences	  between	  groups	  were	  statistically	  significant	  at	  the	  >99%	  
confidence	  interval	  when	  functions	  1-­‐3	  were	  used	  for	  all	  marker	  sets.	  	  





Figure	  7.17:	  	  CDFA	  Scatter	  Plots	  from	  
Craigiebuckler,	  	  Aberdeen	  for	  wax	  marker	  
profiles,	  HPLC	  peak	  set	  A,	  and	  HPLC	  peak	  
set	  B	  at	  soils	  from	  locations	  adjacent	  to	  
fresh	  water	  (Green),	  unmanaged	  land	  
(Yellow),	  managed	  grassland	  (Blue),	  and	  
woodland	  (Purple)	  with	  the	  position	  
group	  centroids	  shown	  in	  black.	  
Using	  HPLC	  Peak	  Set	  A,	  all	  but	  one	  sample	  was	  correctly	  classified	  across	  all	  four	  sites.	  	  One	  
sample	  from	  the	  unmanaged	  location	  in	  Craigiebuckler	  Estate,	  Aberdeen	  was	  misclassified	  as	  
having	  originated	  from	  the	  woodland	  location.	  	  	  All	  samples	  were	  correctly	  assigned	  for	  HPLC	  
set	  B.	  	  Three	  samples	  taken	  from	  managed	  grassland	  were	  attributed	  to	  unmanaged	  land	  using	  
the	  wax	  marker	  data,	  in	  addition	  one	  sample	  from	  the	  location	  adjacent	  to	  fresh	  water	  was	  
misclassified	  as	  unmanaged	  land,	  while	  one	  sample	  from	  unmanaged	  land	  was	  grouped	  with	  
255	  
	  
woodland	  soils,	  and	  four	  woodland	  samples	  were	  incorrectly	  classified	  as	  unmanaged	  land	  
(Figure	  7.17).	  
When	  either	  of	  the	  HPLC	  marker	  sets	  or	  wax	  markers	  were	  unable	  to	  give	  100%	  accuracy	  in	  
groupings,	  further	  CDFA	  were	  performed	  using	  the	  results	  of	  both	  the	  GC	  and	  HPLC	  results	  in	  
conjunction	  with	  one	  another	  (Table	  7.9).	  	  	  	  Using	  only	  wax	  markers,	  the	  	  accuracy	  rates	  were	  
86.2%,	  89.9%	  and	  80.4&	  for	  the	  Aberdeen,	  New	  York	  City,	  and	  London	  sites,	  using	  only	  HPLC	  
set	  A	  the	  accuracy	  rate	  was	  94.7%	  in	  Aberdeen,	  and	  for	  HPLC	  set	  B	  in	  London,	  the	  accuracy	  was	  
90%.	  	  Using	  both	  the	  HPLC	  and	  wax	  markers	  in	  the	  same	  CDFA,	  the	  following	  results	  were	  
observed.	  





















London	  Results	  for	  Wax	  and	  
HPLC	  Markers	  
1-­‐3	   2-­‐3	   3	  
Set	  A	   100.0	   0.000	   0.002	   0.034	   89.7	   7.0	   3.3	  
Set	  B	   100.0	   0.000	   0.019	   0.246	   82.7	   14.2	   3.1	  
Aberdeen	  Results	  for	  Wax	  and	  HPLC	  Markers	  
Set	  A	   100.0	   0.000	   0.000	   0.000	   93.0	   4.8	   2.2	  
Set	  B	   100.0	   0.000	   0.000	   0.046	   98.6	   1.3	   0.2	  
New	  York	  City	  Results	  for	  Wax	  and	  HPLC	  Markers	  
Set	  A	   100.0	   0.000	   0.005	   0.084	   93.9	   4.6	   1.5	  
Set	  B	   100.0	   0.000	   0.027	   0.581	   95.1	   4.6	   0.3	  
	  
In	  all	  of	  the	  cases	  where	  less	  than	  perfect	  accuracy	  was	  achieved	  using	  only	  the	  HPLC	  markers	  
or	  only	  the	  wax	  markers,	  100%	  accuracy	  was	  achieved	  using	  the	  two	  types	  of	  marker	  to	  
complement	  one	  another	  (Table	  7.9).	  	  Furthermore,	  the	  separation	  between	  groupings	  was	  
statistically	  significant	  at	  the	  99%	  confidence	  level.	  	  At	  the	  London	  site,	  functions	  1-­‐3	  explained	  
89.7%,	  7.0%	  and	  3.3%,	  respectively,	  of	  the	  variation	  between	  the	  groups	  using	  the	  wax	  
markers	  and	  HPLC	  set	  A,	  and	  82.7%,	  14.2%	  and	  3.1%	  of	  the	  variance,	  using	  HPLC	  set	  B.	  	  For	  the	  
Aberdeen	  site,	  the	  first	  three	  canonical	  functions	  explained	  93.0%,	  4.8%	  and	  2.2%	  of	  the	  
variance	  using	  HPLC	  set	  A	  to	  complement	  the	  wax	  markers,	  and	  98.6%,	  1.3%	  and	  0.2%	  using	  

















































































































































































































Both	  the	  HPLC	  and	  GC	  profiling	  techniques	  provided	  strong	  results,	  with	  high	  accuracy	  rates	  
when	  discriminated	  using	  CDFA.	  	  The	  statistical	  analysis	  shows	  HPLC	  to	  offer	  exceptionally	  high	  
accuracy	  rates,	  which	  are	  discussed	  fully	  in	  Chapter	  5,	  section	  5.3.2	  and	  Chapter	  6,	  sections	  
6.3.1-­‐6.3.4,	  and	  in	  McCulloch	  et.	  al	  (34).	  	  Accuracy	  rates	  were	  slightly	  poorer	  for	  the	  GC	  
markers	  than	  either	  of	  the	  HPLC	  marker	  sets,	  with	  the	  exception	  of	  Lochend	  Park	  where	  all	  
three	  sets	  of	  markers	  gave	  perfect	  accuracy.	  	  The	  two	  HPLC	  marker	  sets	  were	  able	  to	  improve	  
the	  accuracy	  achievable	  using	  only	  the	  wax	  markers,	  demonstrating	  that	  HPLC	  can	  add	  value	  to	  
geo-­‐forensic	  investigations	  when	  used	  alongside	  established	  techniques.	  	  	  Interestingly,	  in	  the	  
two	  cases	  where	  neither	  set	  of	  HPLC	  markers	  gave	  100%	  accuracy	  when	  used	  on	  their	  own,	  for	  
example	  HPLC	  set	  B	  for	  London	  and	  HPLC	  set	  A	  for	  Aberdeen,	  addition	  of	  the	  wax	  markers,	  
which	  offered	  poorer	  accuracy	  than	  either	  HPLC	  set	  in	  the	  initial	  analyses,	  also	  improved	  the	  
accuracy	  of	  discrimination	  to	  100%.	  
Visual	  comparison	  of	  the	  profiles	  also	  allowed	  for	  discrimination	  between	  the	  four	  locations	  at	  
each	  site,	  however	  the	  visual	  differences	  were	  generally	  more	  distinct	  for	  the	  HPLC	  data,	  
making	  this	  process	  quicker	  and	  easier	  for	  these	  data	  sets.	  	  Furthermore,	  with	  more	  points	  for	  
comparison,	  the	  degree	  of	  certainty	  with	  which	  a	  visual	  assessment	  could	  be	  made	  was	  
greater	  for	  the	  HPLC,	  however	  for	  all	  sites	  the	  GC	  profiles	  allowed	  for	  at	  least	  one	  of	  the	  
locations	  to	  be	  unambiguously	  identified	  visually.	  	  Visual	  assessments	  of	  the	  profiles	  is	  
naturally	  an	  extremely	  subjective	  process,	  and	  the	  ease	  with	  which	  judgments	  on	  group	  
membership	  can	  be	  made	  is	  likely	  to	  differ	  from	  analyst	  to	  analyst,	  as	  is	  the	  case	  in	  other	  
domains	  within	  forensic	  science.	  	  Furthermore,	  the	  variability	  in	  the	  data	  within	  each	  location	  
was	  such	  that	  the	  subtle	  differences	  in	  peak	  ratios	  that	  facilitated	  complete	  discrimination	  of	  
all	  four	  locations,	  and	  were	  particularly	  useful	  for	  the	  wax	  markers,	  should	  be	  treated	  with	  
caution	  when	  interpreting	  evidence,	  as	  these	  small	  differences	  may	  not	  be	  reliably	  detected	  
across	  all	  sample	  replicates.	  	  This	  high	  internal	  variability	  presents	  an	  additional	  challenge	  
when	  sample	  quantities	  are	  limited	  such	  that	  the	  number	  of	  sample	  replicates	  is	  restricted.	  	  	  In	  
this	  regard,	  wax	  marker	  profiling	  offers	  a	  significant	  advantage	  over	  HPLC,	  since	  the	  analysis	  
can	  be	  performed	  on	  sample	  quantities	  as	  low	  as	  13mg	  (111).	  	  
The	  high	  variability	  observed	  in	  the	  data	  is	  likely	  to	  be	  a	  reflection	  of	  the	  heterogeneous	  nature	  
of	  soil,	  however	  there	  are	  a	  number	  of	  potential	  sources	  of	  variability	  in	  the	  methodology	  
which	  must	  be	  considered,	  for	  both	  the	  HPLC	  and	  GC	  techniques.	  	  	  The	  sample	  preparation	  
technique	  for	  the	  GC	  analysis	  was	  far	  more	  complex	  than	  for	  the	  HPLC,	  with	  multiple	  
concentration	  and	  reconstitution	  steps,	  using	  very	  small	  volumes	  of	  20-­‐60μl	  sample.	  	  It	  is	  more	  
difficult	  to	  achieve	  analytical	  precision	  and	  accuracy	  when	  working	  with	  smaller	  volumes	  of	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sample	  since	  small	  systematic	  errors	  have	  a	  larger	  relative	  effect	  on	  the	  results.	  	  Furthermore,	  
the	  large	  number	  of	  steps	  in	  the	  analytical	  method	  presented	  multiple	  opportunities	  for	  small	  
human	  errors,	  such	  as	  inadvertent,	  inaccurate	  weighing	  or	  imprecise	  pipetting,	  to	  accumulate	  
to	  create	  comparatively	  large	  variability	  in	  the	  resulting	  data.	  	  
The	  HPLC	  sample	  preparation	  technique	  was	  simpler	  than	  the	  GC,	  with	  only	  one	  weighing	  and	  
dilution	  step,	  a	  batch	  of	  samples	  could	  be	  prepared	  within	  a	  two	  hours	  compared	  to	  five	  days	  
for	  the	  GC.	  	  Aside	  from	  the	  clear	  practical	  and	  financial	  advantages	  of	  a	  simpler	  sample	  
preparation	  method,	  the	  reduced	  opportunity	  for	  analyst	  variability	  suggests	  that	  the	  error	  
bars	  evident	  in	  the	  HPLC	  data	  arise	  from	  true	  differences	  in	  the	  samples,	  or	  from	  the	  
limitations	  of	  the	  instrument	  parameters	  chosen	  during	  method	  development.	  	  The	  HPLC	  
methodology	  did	  not	  include	  a	  grinding	  step,	  as	  the	  technique	  was	  developed	  with	  the	  aim	  of	  
retaining	  as	  much	  of	  the	  innate	  variation	  between	  samples	  as	  possible,	  so	  that	  rare	  and	  
informative	  peaks	  were	  not	  diluted	  out	  through	  homogenisation.	  	  It	  is	  therefore	  recommended	  
that,	  the	  effect	  of	  incorporating	  a	  grinding	  step	  should	  be	  investigated	  to	  establish	  whether	  
this	  could	  improve	  the	  	  representativeness	  of	  each	  sample	  point	  or	  maximise	  the	  extraction	  
efficiency	  thereby	  allowing	  better	  sensitivity	  and	  the	  potential	  to	  reduce	  sample	  quantities.	  	  	  
7.4	  Conclusions	  	  
The	  results	  of	  this	  study	  confirm	  that	  HPLC	  is	  a	  highly	  accurate	  and	  practical	  technique	  for	  the	  
analysis	  of	  geoforensic	  evidence,	  and	  that	  it	  is	  applicable	  for	  discrimination	  of	  close	  proximity	  
sites	  across	  a	  range	  of	  geographical	  locations.	  	  In	  contrast,	  quartz	  grain	  surface	  texture	  
analysis,	  which	  is	  an	  established	  geoforensic	  technique	  that	  has	  provided	  useful	  information	  to	  
many	  criminal	  investigations	  in	  the	  past,	  was	  unable	  to	  provide	  the	  same	  level	  of	  
discrimination	  at	  this	  location.	  	  The	  wax	  marker	  profiles	  performed	  well	  across	  all	  four	  sites,	  
however	  the	  accuracy	  rates	  achieved	  with	  CDFA	  were	  better	  for	  HPLC,	  and	  in	  visual	  
comparison,	  the	  wax	  marker	  profiles	  were	  less	  easily	  discernable	  than	  for	  HPLC.	  	  HPLC	  has,	  
therefore,	  been	  demonstrated	  to	  be	  of	  value	  in	  situations	  where	  the	  more	  traditional,	  
independent	  analytical	  technique	  would	  not	  have	  been	  able	  to	  provide	  exclusionary	  results	  for	  
samples	  of	  differing	  provenance	  at	  this	  local	  scale.	  	  It	  is	  also	  significant	  that	  the	  HPLC	  performs	  
well	  when	  compared	  to	  the	  GC	  technique,	  which	  has	  been	  validated	  to	  industry	  standards	  and	  
is	  an	  accepted	  technique	  within	  geoforensic	  casework.	  	  	  
The	  HPLC	  profiles	  were	  useful	  not	  only	  when	  combined	  with	  CDFA,	  but	  also	  when	  compared	  
visually.	  	  In	  addition	  to	  offering	  more	  visually	  distinct	  profiles	  to	  both	  the	  QGSTA	  and	  GC,	  and	  
improved	  accuracy	  in	  the	  statistical	  analysis	  compared	  to	  the	  GC	  technique,	  the	  HPLC	  analysis	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is	  significantly	  quicker,	  cheaper	  and	  simpler	  to	  perform	  than	  the	  GC	  technique,	  which	  reduces	  
error	  rates	  and	  improves	  the	  confidence	  with	  which	  conclusions	  can	  be	  made	  when	  comparing	  
samples.	  	  The	  cost,	  speed	  and	  simplicity	  of	  the	  HPLC	  sample	  preparation	  was	  comparable	  to	  
the	  QGSTA	  sample	  preparation,	  however	  the	  process	  of	  visual	  analysis	  and	  quartz	  grain	  
counting	  required	  for	  QGSTA	  was	  far	  more	  labour	  intensive,	  and	  therefore	  costly,	  than	  using	  
the	  pre-­‐selected	  HPLC	  marker	  sets	  as	  variables	  for	  CDFA,	  since	  software	  automated	  peak	  
integration	  is	  now	  possible.	  
Whilst	  there	  are	  clear	  practical	  benefits	  to	  using	  the	  HPLC	  technique,	  due	  to	  the	  greater	  
complexity	  of	  the	  sample	  preparation	  in	  the	  GC	  analysis,	  wax	  marker	  analysis	  has	  been	  
demonstrated	  as	  suitable	  for	  use	  on	  very	  small	  sample	  quantities	  (c	  10mg	  compared	  to	  250mg	  
for	  HPLC)	  which	  represents	  a	  distinct	  advantage	  over	  HPLC	  in	  many	  forensic	  scenarios,	  
however	  as	  discussed	  in	  Chapter	  4,	  there	  would	  be	  scope	  to	  reduce	  the	  sample	  quantities	  
when	  using	  HPLC	  Peak	  Set	  A.	  	  Similarly,	  QGSTA	  is	  preferential	  to	  HPLC	  in	  cases	  where	  sample	  
quantities	  are	  extremely	  low,	  since	  it	  requires	  only	  50	  grains	  of	  quartz	  per	  analysis.	  
The	  extensive	  body	  of	  research	  into	  the	  origin	  and	  persistence	  of	  quartz	  grain	  surface	  
morphologies	  and	  the	  wax	  markers	  identified	  by	  GC	  in	  both	  in	  the	  forensic	  and	  geosciences	  
literature	  has	  enabled	  the	  existence	  of	  soil	  databases	  containing	  wax	  marker	  and	  QGSTA	  data,	  
which	  also	  enables	  these	  types	  of	  analysis	  to	  provide	  intelligence	  in	  “seek	  and	  find”	  cases.	  	  	  	  
While	  this	  may	  be	  a	  perceived	  disadvantage	  of	  HPLC	  profiling	  compared	  to	  the	  existing	  
techniques	  in	  some	  case	  scenarios,	  it	  does	  not	  diminish	  the	  applicability	  of	  the	  HPLC	  technique	  
to	  the	  task	  of	  comparing	  and	  excluding	  close-­‐proximity	  locations,	  for	  which	  it	  was	  intended.	  
There	  is	  significant	  potential	  for	  the	  combined	  use	  of	  both	  the	  HPLC	  and	  GC	  techniques	  for	  
achieving	  very	  high	  accuracy	  rates	  for	  discriminating	  sample	  locations,	  and	  the	  accuracy	  
achieved	  in	  this	  study	  using	  this	  combined	  approach	  was	  100%	  across	  all	  sites	  and	  locations.	  	  
This	  suggests	  that	  it	  would	  be	  beneficial	  to	  measure	  both	  types	  of	  markers	  where	  additional	  
discrimination	  is	  required,	  providing	  there	  are	  sufficient	  sample	  quantities	  and	  resources	  
available,	  and	  this	  approach	  would	  offer	  the	  additional	  benefit	  of	  the	  existing	  data	  on	  the	  wax-­‐
marker	  profiles	  of	  specific	  types	  of	  land	  use	  and	  vegetation.	  	  	  	  If	  HPLC	  were	  used	  to	  
complement	  QGSTA,	  the	  combined	  benefits	  of	  each	  technique	  could	  allow	  for	  both	  the	  
discrimination	  of	  close-­‐proximity	  locations	  and	  geographical	  provenancing	  of	  samples,	  and	  
since	  these	  are	  independent	  techniques,	  one	  set	  of	  results	  could	  be	  used	  to	  corroborate	  the	  
other	  for	  maximum	  evidential	  value.	  
These	  comparative	  studies	  demonstrate	  that	  HPLC	  profiling	  has	  significant	  potential	  to	  provide	  
investigators	  with	  a	  more	  accurate,	  cost-­‐effective	  and	  simple	  alternative,	  to	  GC	  profiling	  of	  wax	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markers	  and	  QGSTA,	  in	  scenarios	  where	  exclusionary	  analysis	  of	  close-­‐proximity	  locations	  is	  
desired,	  and	  would	  be	  a	  useful	  additional	  capability	  in	  laboratories	  where	  there	  established	  
analyses	  are	  routinely	  performed.
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8	  	  Discussion	  
8.1	  Introduction	  	  
This	  Chapter	  summarises	  the	  key	  outcomes	  of	  the	  research	  presented	  in	  this	  thesis	  and	  discuss	  
the	  implications	  of	  the	  findings	  for	  forensic	  capabilities	  currently	  and	  identifies	  avenues	  for	  
future	  research,	  where	  necessary.	  	  This	  thesis	  has	  presented	  findings	  within	  three	  overarching	  
themes	  which	  recur	  throughout	  chapters	  3-­‐8.	  	  The	  first	  theme	  is	  the	  development	  of	  a	  
practical	  HPLC	  sample	  preparation	  and	  analysis	  method	  for	  the	  purposes	  of	  discriminating	  
samples	  from	  close	  proximity	  locations,	  which	  is	  necessary	  to	  ensure	  the	  final	  method	  could	  
potentially	  be	  implemented	  in	  practice	  or	  have	  meaningful	  impact	  in	  the	  context	  of	  the	  almost	  
entirely	  privatised	  market	  for	  forensic	  science	  service	  provision	  in	  England	  and	  Wales.	  	  	  The	  
second	  theme	  relates	  to	  the	  suitability	  of	  the	  technique	  for	  general	  use	  in	  forensic	  casework,	  
in	  different	  locations	  and	  at	  different	  points	  in	  time	  and	  times	  of	  year.	  	  The	  third	  theme	  
pertains	  to	  the	  study	  of	  how	  the	  HPLC	  technique	  could	  be	  implemented	  in	  forensic	  casework	  
with	  respect	  to	  regulatory	  requirements,	  for	  instance	  the	  use	  of	  validated	  and	  independent	  
techniques.	  	  Summaries	  of	  the	  discussion	  on	  these	  themes	  is	  outlined	  in	  sections	  8.1-­‐8.4	  and	  
the	  key	  findings	  are	  highlighted	  in	  Table	  8.1,	  while	  the	  areas	  identified	  for	  future	  research	  are	  
discussed	  in	  section	  8.5	  and	  summarised	  in	  Table	  8.2	  
Table	  8.1	  	  Summary	  of	  the	  Key	  Findings	  for	  each	  theme	  
Theme	  (Section)	   Key	  Findings	  
Method	  Development	  (8.1)	   Simplified	  sample	  preparation	  procedure	  reduces	  systematic	  
error	  rate	  and	  cuts	  hard	  costs	  
Reduced	  sample	  preparation	  time	  reduces	  costs	  and	  
improves	  efficiency	  	  
Data	  analysis	  strategy	  formalised	  for	  the	  first	  time.	  
Use	  of	  CDFA	  provides	  objective	  method	  of	  discrimination	  
Shown	  to	  have	  high	  accuracy	  rates	  at	  forensically	  relevant	  
spatial	  scale	  
Generalisability	   Spatial	  
variability	  
(8.2)	  
Highly	  accurate	  at	  discriminating	  close	  proximity	  locations	  
Ability	  to	  discriminate	  is	  robust	  to	  changes	  in	  underlying	  
geology	  
No	  location	  markers	  were	  identified	  
Ability	  to	  discriminate	  is	  robust	  to	  changes	  in	  season	  
Ability	  to	  discriminate	  is	  robust	  to	  delays	  in	  sample	  analysis	  




Ability	  to	  discriminate	  is	  robust	  to	  changes	  in	  season	  
Ability	  to	  discriminate	  is	  robust	  to	  delays	  in	  sample	  analysis	  
No	  temporal	  markers	  were	  identified	  
Implementation	  (8.4)	   Choice	  of	  two	  alternative	  marker	  sets	  allows	  flexibility	  to	  suit	  
case	  circumstances	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Superior	  discrimination	  at	  close-­‐proximity	  than	  two	  existing	  
techniques	  
Compatible	  with	  an	  independent	  technique	  (QGSTA)	  allowing	  
improved	  evidential	  value	  through	  combined	  analyses.	  
Superior	  discrimination	  at	  close-­‐proximity	  locations	  than	  two	  
established	  techniques	  
HPLC	  data	  improves	  the	  accuracy	  of	  discrimination	  by	  organic	  
analysis	  when	  added	  to	  existing	  capabilities	  
Adds	  value	  when	  used	  in	  conjunction	  with	  established	  
techniques,	  allowing	  use	  of	  existing	  databases	  to	  narrow	  
down	  search	  area	  in	  “seek	  and	  find”	  cases,	  with	  accurate	  
close-­‐proximity	  discrimination	  provided	  by	  HPLC.	  
	  
8.1	  Method	  Development	  	  
During	  this	  thesis,	  experiments	  were	  undertaken	  to	  determine	  the	  effects	  of	  various	  methods	  
of	  handling,	  analysing	  and	  storing	  the	  samples	  (Chapter	  3)	  (also	  discussed	  in	  McCulloch	  et	  al.	  
(33))	  	  The	  results	  obtained	  in	  this	  method	  development	  study	  indicate	  that	  it	  was	  not	  
necessary	  to	  use	  the	  working	  concentration	  and	  sample	  amounts	  detailed	  in	  previous	  studies,	  
therefore	  the	  sample	  concentration	  could	  be	  reduced	  to	  500mg/ml	  and	  the	  amount	  required	  
for	  analysis	  could	  be	  reduced	  to	  250mg,	  which	  represents	  a	  fourfold	  reduction	  in	  comparison	  
with	  previously	  cited	  sample	  quantities.	  	  Whilst	  it	  was	  not	  possible	  to	  determine	  the	  optimum	  
storage	  conditions	  and	  packaging	  during	  this	  study	  through	  systematic	  experimental	  study,	  it	  
was	  however	  ascertained	  that	  storage	  of	  samples	  in	  sealed	  containers	  exposed	  to	  light	  at	  
ambient	  conditions	  was	  inappropriate	  due	  to	  the	  growth	  of	  mould,	  and	  the	  use	  of	  LDPE	  bags	  
was	  not	  suitable	  for	  identification	  of	  sample	  components	  with	  LC-­‐MS.	  	  	  On	  the	  basis	  of	  the	  
results	  of	  the	  experiments	  testing	  the	  optimum	  sample	  preparation	  method,	  presented	  in	  
sections	  3.3.2.1,	  3.3.2.4	  and	  3.3.2.5,	  it	  was	  not	  deemed	  necessary	  to	  use	  the	  sample	  
preparation	  methods	  that	  theoretically	  could	  cause	  detrimental	  changes	  to	  the	  
chromatographic	  profiles	  obtained,	  such	  as	  grinding,	  artificial	  drying	  or	  heating	  and	  the	  
requirement	  for	  filtration	  could	  potentially	  be	  removed	  with	  further	  investigation	  as	  the	  cause	  
of	  the	  pressure	  problems	  encountered.	  	  	  
It	  was	  therefore	  possible	  to	  simplify	  the	  sample	  preparation	  from	  the	  10	  steps	  reported	  by	  
Bommarito	  et.	  al.	  (18)	  to	  just	  five	  steps,	  which	  reduces	  the	  opportunities	  for	  small	  human	  
errors,	  such	  as	  inadvertent	  contamination	  of	  samples,	  inaccurate	  weighing	  or	  imprecise	  
pipetting,	  to	  accumulate,	  therefore	  the	  number	  of	  opportunities	  for	  systematic	  error	  to	  occur	  
in	  this	  newly	  developed	  method	  is	  also	  reduced	  by	  a	  factor	  of	  50%	  relative	  to	  previous	  studies.	  	  
As	  discussed	  in	  chapter	  2,	  well	  designed	  analytical	  methods	  adopt	  a	  holistic	  approach	  to	  
reducing	  quality	  risks,	  and	  the	  validation	  of	  forensic	  methods	  must	  consider	  and	  seek	  to	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control	  the	  potential	  risk	  of	  error	  at	  each	  stage	  in	  the	  forensic	  process,	  therefore	  simple	  
processes	  are	  desirable	  as	  they	  are	  easier,	  and	  therefore	  also	  quicker	  and	  cheaper,	  to	  validate	  
for	  use	  in	  a	  commercial	  laboratory	  environment,	  in	  addition	  to	  being	  more	  efficient	  and	  
potentially	  profitable	  for	  use	  in	  routine	  commercial	  analyses.	  	  	  In	  the	  current	  climate	  of	  
forensic	  science	  provision	  in	  the	  UK,	  discussed	  in	  chapter	  2,	  it	  is	  essential	  factors	  such	  as	  value	  
for	  money	  and	  commercial	  viability	  are	  considered	  in	  forensic	  science	  research	  in	  order	  to	  
achieve	  maximum	  impact	  in	  the	  wider	  forensic	  science	  community.	  
The	  newly	  developed	  method	  had	  greatly	  improved	  sensitivity	  compared	  to	  previous	  studies,	  
and	  was	  approximately	  four	  times	  more	  sensitive	  than	  the	  method	  outlined	  by	  Bommarito	  et.	  
al.	  (18)	  as	  it	  was	  possible	  to	  halve	  the	  amount	  of	  sample	  used,	  and	  then	  to	  halve	  the	  sample	  
concentration	  without	  compromising	  the	  size	  of	  the	  peaks	  obtained	  or	  their	  signal	  to	  noise	  
values.	  	  Previous	  forensic	  geoscience	  studies	  using	  HPLC	  required	  5g	  (30)	  and	  1g	  (31)	  (32)	  of	  
soil,	  however	  this	  study	  proved	  it	  is	  possible	  to	  reduce	  the	  sample	  amount	  required	  to	  250mg.	  	  
It	  was	  also	  possible	  to	  reduce	  the	  analytical	  runtime	  from	  the	  100	  min,	  used	  by	  Bommarito	  et.	  
al.	  (18),	  to	  35mins	  by	  making	  use	  of	  gradient	  elution	  and	  new	  columns,	  	  and	  to	  the	  reduce	  the	  
sample	  preparation	  time	  to	  less	  than	  one	  hour,	  compared	  to	  previous	  studies	  which	  took	  far	  
longer	  at	  between	  approximately	  3	  hours	  (18)	  (31)	  (30)	  and	  approximately	  16	  hours	  (30).	  	  	  The	  
new	  sample	  preparation	  method	  was	  also	  demonstrated	  to	  be	  more	  practical,	  with	  only	  five	  
steps,	  than	  the	  established	  technique	  for	  the	  analysis	  of	  the	  organic	  fraction	  of	  soil	  in	  forensic	  
geoscience,	  the	  determination	  of	  wax	  markers	  by	  GC	  (Chapter	  7),	  for	  which	  the	  sample	  
preparation	  involved	  in	  excess	  of	  20	  separate	  steps.	  	  In	  addition,	  the	  cost	  per	  sample	  using	  the	  
new	  HPLC	  method	  was	  90%	  less	  than	  the	  GC	  technique,	  furthermore	  the	  HPLC	  sample	  
preparation	  was	  more	  efficient	  than	  the	  GC	  technique	  by	  a	  factor	  of	  20.	  
Significant	  practical	  improvements	  have	  been	  outlined	  this	  thesis	  with	  regard	  to	  the	  processing	  
and	  statistical	  analysis	  of	  the	  HPLC	  data	  generated	  with	  this	  new	  analytical	  methodology	  
(Chapter	  5),	  as	  presented	  by	  McCulloch	  et	  al	  (34).	  	  For	  the	  first	  time,	  specific	  sets	  of	  marker	  
peaks	  have	  been	  identified	  that	  have	  been	  demonstrated	  to	  offer	  excellent	  discrimination	  over	  
this	  close	  proximity,	  forensically	  relevant	  spatial	  scale,	  which	  allows	  for	  automatic	  integration	  
of	  the	  chromatograms	  and,	  therefore,	  statistical	  analyses	  can	  be	  performed	  within	  minutes	  of	  
analysis.	  	  Furthermore,	  two	  alternative	  marker	  sets	  were	  identified	  in	  this	  study,	  which	  could	  
allow	  investigators	  to	  tailor	  any	  future	  analyses	  to	  case-­‐specific	  requirements.	  	  The	  previous	  
studies	  by	  Siegel	  and	  Precord	  (30)	  and	  Reuland	  and	  Trinler	  (31),	  relied	  on	  qualitative,	  visual	  
comparison	  of	  the	  highly	  complex	  chromatograms	  obtained,	  which	  was	  naturally	  highly	  
subjective	  and	  did	  not	  allow	  for	  quantitative,	  statistical	  assessment	  of	  differences	  between	  
sample	  groups.	  	  Bommarito	  et.	  al.	  (18)	  used	  a	  combination	  of	  visual	  comparison,	  followed	  by	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ad-­‐hoc	  selection	  of	  peaks	  for	  further	  statistical	  analyses	  based	  on	  the	  results	  of	  the	  initial	  
visual	  assessment.	  	  In	  the	  studies	  presented	  in	  this	  thesis	  it	  was	  also	  possible	  to	  visually	  
identify	  peaks	  and	  peak	  height	  ratios	  that	  allowed	  the	  sample	  groups	  to	  be	  discriminated	  from	  
one	  another	  for	  each	  of	  the	  data	  sets	  analysed	  (Chapters	  4-­‐7),	  however	  this	  was	  a	  highly	  
subjective	  and	  time	  consuming	  approach,	  which	  could	  not	  be	  standardised	  or	  automated	  for	  
general	  use	  with	  new	  data	  sets.	  	  None	  of	  the	  previous	  HPLC	  studies	  reported	  the	  length	  of	  time	  
required	  to	  compare	  the	  chromatograms	  and	  assess	  the	  data,	  however	  the	  process	  of	  
discriminating	  of	  samples	  by	  visual	  assessment	  of	  the	  chromatograms	  took	  several	  hours	  for	  
the	  chromatograms	  generated	  in	  this	  study,	  therefore	  the	  ability	  to	  produce	  quantitative,	  
statistical	  data	  in	  only	  a	  few	  minutes	  represents	  a	  significant	  improvement	  to	  the	  data	  analysis	  
process.	  	  	  This	  new	  data	  analysis	  strategy	  was	  also	  demonstrated	  to	  be	  quicker	  and	  offer	  better	  
discrimination	  than	  QGSTA	  (Chapter	  7).	  	  The	  use	  of	  CDFA	  to	  quantitatively	  discriminate	  
samples	  and	  provide	  a	  measure	  of	  statistical	  certainty	  to	  accompany	  the	  discriminant	  results	  
reduces	  the	  subjectivity	  associated	  with	  the	  analytical	  results	  and,	  for	  the	  first	  time,	  it	  has	  
been	  possible	  to	  verify	  that	  this	  method	  of	  HPLC	  profiling	  allows	  samples	  to	  be	  discriminated	  
objectively	  with	  very	  high	  accuracy	  rates.	  	  The	  selection	  of	  these	  two	  sets	  of	  marker	  peaks	  not	  
only	  creates	  a	  standardised	  approach	  that	  is	  much	  better	  suited	  for	  general	  use	  but	  also	  makes	  
the	  data	  analysis	  for	  this	  new	  method	  far	  less	  labour	  intensive	  and	  a	  more	  reproducible	  
process	  in	  comparison	  to	  the	  previous	  HPLC	  studies.	  	  	  
The	  method	  development	  and	  data	  analysis	  development	  described	  in	  Chapters	  3	  and	  5	  and	  
presented	  in	  McCulloch	  et.	  al.	  (33)	  (34)	  therefore	  represent	  a	  substantial	  improvement	  to	  the	  
overall	  practicality	  and	  potential	  impact	  of	  HPLC	  as	  a	  tool	  for	  forensic	  geoscientists	  relative	  to	  
previously	  reported	  studies	  as	  it	  increases	  confidence	  with	  which	  discrimination	  of	  samples	  
can	  be	  performed	  by	  allowing	  statistical	  analyses	  to	  be	  performed	  on	  the	  data	  very	  quickly	  and	  
easily,	  it	  reduces	  the	  hard	  costs	  of	  the	  reagents	  and	  consumables	  required	  to	  analyse	  a	  sample,	  
in	  addition	  to	  reducing	  the	  soft	  staffing	  costs	  related	  to	  preparing	  the	  samples	  for	  analysis	  and	  
analysing	  the	  data.	  	  These	  improvements	  significantly	  increase	  the	  potential	  for	  this	  new	  HPLC	  
technique	  to	  be	  successfully	  commercialised	  in	  the	  predominantly	  privatised	  forensic	  
laboratories	  providing	  forensic	  services	  to	  the	  justice	  system	  in	  the	  UK.	  	  
8.2	  Spatial	  Variability	  	  
The	  newly	  developed	  HPLC	  method	  presented	  in	  Chapter	  4	  and	  presented	  in	  McCulloch	  et.	  al.	  
(34)	  was	  demonstrated	  to	  provide	  highly	  discriminatory	  results	  for	  samples	  obtained	  from	  
close-­‐proximity	  locations,	  which	  was	  considered	  more	  forensically	  relevant	  than	  the	  previous	  
studies	  involving	  HPLC	  which	  only	  demonstrated	  the	  ability	  to	  discriminate	  locations	  that	  were	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several	  kilometres	  apart	  (18)	  (30)	  (31)	  (32).	  	  The	  accuracy	  rate	  for	  the	  discriminant	  analysis	  
obtained	  in	  the	  initial	  feasibility	  study	  (Chapter	  4,	  McCulloch	  et	  al.	  (33))	  was	  100%,	  which	  
compared	  very	  well	  to	  the	  results	  obtained	  in	  Chapter	  7	  using	  QGSTA,	  which	  was	  only	  able	  to	  
discriminate	  one	  of	  the	  four	  locations	  at	  such	  close-­‐proximity	  for	  this	  data	  set.	  	  Accuracy	  is	  a	  
measure	  of	  the	  relative	  size	  of	  any	  discrepancy	  between	  the	  test	  result	  and	  a	  true	  result,	  and	  
can	  only	  be	  calculated	  in	  circumstances	  where	  a	  true	  or	  accepted	  test	  result	  is	  available.	  	  The	  
accuracy	  of	  a	  forensic	  test	  result	  can	  never	  be	  established	  with	  absolute	  certainty	  in	  casework,	  
therefore	  care	  must	  be	  taken	  in	  court	  that	  the	  definition	  of	  the	  term	  accuracy	  is	  not	  
misconstrued	  by	  the	  jury	  as	  infallibility,	  nonetheless	  in	  these	  controlled	  experiments	  the	  true	  
location	  of	  origin	  was	  known	  therefore	  it	  is	  appropriate	  that	  accuracy	  rates	  have	  been	  
calculated	  and	  reported.	  	  	  
The	  HPLC	  technique	  was	  also	  shown	  to	  perform	  better	  than	  the	  determination	  of	  wax	  markers	  
by	  GC	  at	  this	  close-­‐proximity	  spatial	  scale,	  providing	  higher	  rates	  of	  accuracy	  at	  this	  close-­‐
proximity	  scale	  for	  the	  majority	  of	  the	  data	  sets.	  	  The	  findings	  outlined	  in	  Chapter	  6	  confirm	  
the	  potential	  for	  the	  general	  use	  of	  the	  new	  HPLC	  technique	  at	  different	  sites	  across	  the	  UK	  
and	  internationally	  as	  the	  accuracy	  of	  discrimination	  was	  demonstrated	  to	  be	  high	  at	  multiple	  
different	  locations.	  	  There	  were	  no	  consistent	  features	  observed	  in	  the	  profiles	  for	  samples	  
from	  the	  same	  location	  type,	  nor	  for	  the	  samples	  from	  the	  same	  site,	  identified	  in	  chapter	  6,	  
therefore	  HPLC	  cannot	  yet	  be	  used	  in	  conjunction	  with	  land	  use	  and	  vegetation	  databases	  as	  
there	  are	  currently	  no	  land	  use	  or	  geographical	  markers.	  	  The	  CDFA	  for	  both	  HPLC	  peak	  sets	  
produced	  consistently	  high	  accuracy	  rates,	  at	  this	  close-­‐proximity	  scale,	  at	  each	  the	  four	  sites	  
discussed	  in	  Chapter	  6	  and	  by	  McCulloch	  et.	  al.	  (34),	  which	  demonstrates	  that	  the	  ability	  to	  
discriminate	  is	  not	  limited	  to	  a	  specific	  geographical	  location	  and	  the	  technique	  is	  therefore	  
robust	  to	  changes	  in	  the	  underlying	  geology	  of	  the	  sample	  site.	  	  	  
8.3	  	  Temporal	  Variability	  	  
The	  new	  HPLC	  technique	  was	  demonstrated	  to	  provide	  very	  high	  discrimination	  of	  close-­‐
proximity	  sample	  locations	  at	  all	  of	  times	  of	  the	  year,	  for	  all	  the	  data	  sets	  studied	  (Chapter	  6),	  
which	  demonstrates	  that	  the	  ability	  of	  the	  HPLC	  technique	  to	  discriminate	  between	  close-­‐
proximity	  sample	  locations	  is	  not	  dependent	  upon	  the	  time	  of	  year	  in	  which	  the	  analysis	  is	  
performed,	  and	  is	  therefore	  considered	  to	  be	  robust	  to	  seasonal	  changes.	  	  The	  prepared	  
sample	  solutions	  were	  determined	  to	  be	  largely	  stable	  after	  two	  weeks,	  when	  stored	  at	  -­‐20C	  
(Chapter	  3),	  however	  as	  discussed	  by	  McCulloch	  et.	  al.	  (33),	  significant	  changes	  were	  observed	  
in	  the	  profiles	  after	  storage	  for	  7	  days	  in	  the	  fridge,	  and	  the	  physical	  samples	  were	  noted	  to	  be	  
differentially	  affected	  under	  various	  storage	  conditions	  over	  time	  and	  it	  was	  determined	  that	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LDPE	  bags	  and	  sealed	  glass	  containers	  caused	  mould-­‐like	  artefacts	  in	  the	  samples	  after	  two	  
weeks	  of	  storage	  (Section	  3.3.3.2)	  therefore	  further	  investigation	  of	  shorter	  term	  variability	  of	  
the	  profiles	  under	  different	  environmental	  conditions	  is	  required.	  	  The	  profiles	  were	  noted	  to	  
vary	  at	  each	  specific	  sample	  location	  from	  one	  season	  to	  the	  next	  (Chapter	  6),	  despite	  this,	  the	  
ability	  to	  discriminate	  with	  extremely	  high	  rates	  of	  accuracy	  was	  maintained	  for	  peak	  set	  A,	  
even	  in	  scenarios	  where	  samples	  were	  collected	  at	  different	  times	  of	  year	  from	  one	  another,	  
which	  suggests	  that	  the	  HPLC	  new	  method	  is	  robust	  to	  operational	  delays	  in	  sample	  collection.	  
8.4	  Implementation	  	  
In	  order	  to	  establish	  the	  suitability	  of	  this	  new	  HPLC	  method	  for	  implementation	  in	  casework,	  
this	  thesis	  has	  not	  only	  outlined	  a	  practical	  and	  user	  friendly	  analytical	  method	  (Chapter	  3),	  but	  
also	  presented	  two	  alternative	  sets	  of	  marker	  peaks	  (Chapter	  5)	  which	  are	  able	  to	  provide	  a	  
flexible	  approach	  to	  data	  analysis	  which	  allows	  end	  users	  the	  choice	  of	  strategies	  to	  best	  suit	  
the	  needs	  of	  a	  particular	  case.	  	  For	  example,	  the	  use	  of	  peak	  set	  A	  would	  be	  preferred	  if	  there	  
have	  been	  delays	  between	  the	  time	  of	  the	  crime	  and	  the	  collection	  of	  reference	  samples,	  as	  
this	  peak	  set	  is	  robust	  to	  such	  delays,	  however	  peak	  set	  B	  is	  far	  easier	  to	  compare	  visually,	  
since	  there	  are	  fewer	  peaks	  to	  compare,	  therefore	  data	  analysis	  can	  be	  performed	  more	  
quickly	  and	  with	  lower	  error	  rates,	  which	  would	  be	  advantageous	  should	  further,	  more	  
advanced	  data	  analysis	  be	  required.	  	  With	  fewer	  marker	  peaks	  to	  investigate,	  characterise	  and	  
optimise,	  the	  method	  could	  be	  quicker	  and	  easier	  to	  validate	  using	  peak	  set	  B	  as	  the	  target,	  
meaning	  the	  technique	  could	  be	  used	  in	  casework	  sooner.	  	  The	  peaks	  in	  set	  A	  were	  
deliberately	  selected	  from	  the	  peaks	  were	  consistently	  among	  the	  strongest	  contributors	  to	  
the	  profiles	  at	  different	  sites	  and	  times	  of	  year	  (Chapter	  5)	  and	  these	  peaks	  were	  able	  to	  be	  
detected	  and	  quantified	  with	  good	  signal	  to	  noise	  values	  for	  all	  of	  the	  sample	  sets	  collected	  
(Chapters	  5-­‐7),	  this	  means	  that	  the	  working	  concentration	  could	  be	  further	  reduced	  without	  
losing	  the	  ability	  to	  reliably	  detect,	  identify	  and	  quantify	  the	  peaks	  of	  interest.	  	  Using	  peak	  set	  
A,	  therefore,	  would	  be	  advantageous	  to	  investigators	  in	  cases	  where	  sample	  quantities	  are	  
limited,	  as	  it	  could	  still	  be	  possible	  to	  obtain	  strong	  signals	  for	  peak	  set	  A,	  allowing	  for	  
successful	  discrimination	  of	  close-­‐proximity	  samples	  even	  in	  cases	  where	  less	  than	  250mg	  of	  
sample	  was	  available	  for	  comparison.	  
HPLC	  has	  been	  shown	  to	  be	  a	  useful	  addition	  to	  the	  techniques	  currently	  used	  in	  forensic	  
geoscience,	  consistently	  offering	  high	  accuracy	  rates	  for	  the	  discrimination	  of	  close	  proximity	  
sample	  locations,	  and	  was	  shown	  in	  Chapter	  7	  to	  offer	  better	  discrimination	  than	  both	  of	  the	  
established	  techniques	  with	  which	  the	  results	  were	  compared,	  for	  the	  forensic	  scenario	  
examined	  in	  this	  thesis.	  	  During	  the	  comparison	  with	  QGSTA,	  the	  HPLC	  allowed	  discrimination	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of	  the	  sample	  from	  all	  four	  of	  the	  locations	  from	  one	  another,	  while	  QGSTA	  only	  allowed	  one	  
location	  to	  be	  excluded	  from	  the	  others.	  	  When	  the	  performance	  of	  the	  new	  HPLC	  technique	  
was	  compared	  with	  wax	  marker	  determination	  by	  GC,	  one	  of	  the	  few	  analytical	  techniques	  
designed	  to	  study	  the	  organic	  fraction	  of	  soil	  that	  has	  been	  applied	  to	  forensic	  casework,	  the	  
HPLC	  gave	  higher	  accuracy	  rates	  in	  most	  cases	  and	  the	  results	  could	  be	  generated	  much	  more	  
quickly	  and	  cost	  effectively	  for	  the	  HPLC,	  offering	  significant	  potential	  for	  the	  HPLC	  to	  add	  
value	  over	  the	  GC	  technique	  when	  implemented	  by	  a	  commercial	  or	  resource-­‐limited	  service	  
provider.	  	  It	  was	  not	  possible,	  however,	  to	  identify	  consistent	  features	  within	  the	  profiles	  that	  
could	  be	  used	  as	  markers	  of	  a	  specific	  geographical	  location,	  type	  of	  vegetation	  or	  land	  use,	  
nor	  were	  there	  any	  indicators	  of	  the	  season	  in	  which	  the	  samples	  were	  collected,	  which	  means	  
that	  the	  HPLC	  cannot	  currently	  be	  used	  with	  databases	  in	  “seek	  and	  find”	  cases,	  and	  in	  this	  
regard	  the	  QGSTA	  and	  GC	  approaches	  offer	  an	  advantage	  over	  the	  HPLC	  method	  presented	  in	  
this	  thesis.	  
As	  discussed	  by	  McCulloch	  et.	  al.	  (33)	  (34)	  (35)and	  in	  Chapters	  2	  and	  7,	  independent	  
techniques	  are	  recommended	  for	  use	  in	  forensic	  casework,	  in	  order	  to	  strengthen	  the	  weight	  
of	  evidence.	  	  Since	  HPLC	  has	  been	  shown	  to	  work	  well	  in	  conjunction	  with	  the	  independent	  
analysis	  of	  the	  inorganic	  soil	  fraction	  by	  QGSTA.	  	  This	  would	  allow	  for	  the	  use	  of	  the	  two	  
independent	  data	  sets	  obtained	  for	  HPLC	  and	  QGSTA	  to	  corroborate	  one	  another	  if	  
implemented	  together	  in	  a	  forensic	  scenario.	  	  An	  added	  benefit	  of	  combining	  the	  use	  of	  HPLC	  
and	  QGSTA	  is	  that	  this	  would	  permit	  the	  use	  of	  the	  existing	  sample	  databases	  in	  “seek	  and	  
find”	  cases,	  with	  QGSTA	  allowing	  large	  geographical	  areas	  to	  be	  eliminated	  and	  HPLC	  providing	  
the	  close-­‐proximity	  precision	  to	  discriminate	  samples	  within	  the	  site	  of	  interest.	  	  Likewise,	  
combined	  use	  of	  the	  GC	  and	  HPLC	  techniques	  would	  allow	  existing	  land	  use	  databases	  to	  be	  
utilised	  with	  the	  GC	  data	  to	  narrow	  down	  search	  areas,	  in	  cases	  where	  it	  is	  necessary	  to	  
determine	  provenance	  in	  the	  absence	  of	  a	  known	  location	  of	  interest	  against	  which	  to	  make	  
sample	  comparisons,	  with	  HPLC	  providing	  the	  discrimination	  of	  any	  close-­‐proximity	  sample	  
locations.	  	  Implementing	  the	  HPLC	  and	  GC	  techniques	  together	  could	  simultaneously	  allow	  the	  
use	  of	  databases	  and	  improve	  the	  overall	  accuracy	  with	  which	  the	  organic	  fraction	  can	  be	  used	  
to	  discriminate	  at	  this	  close-­‐proximity	  spatial	  scale	  since,	  in	  the	  few	  cases	  where	  HPLC	  was	  
unable	  to	  discriminate	  all	  of	  the	  samples,	  the	  addition	  of	  the	  wax	  marker	  data	  set	  to	  the	  CDFA	  
improved	  the	  accuracy	  to	  100%,	  and	  vice	  versa.	  	  The	  speed	  and	  cost-­‐effectiveness	  with	  which	  
this	  new	  HPLC	  technique	  provides	  highly	  accurate	  discriminant	  analyses	  also	  suggests	  that	  it	  
shows	  excellent	  potential	  for	  use	  as	  a	  screening	  tool	  and	  could,	  for	  instance,	  be	  used	  to	  
eliminate	  those	  samples	  that	  can	  be	  discriminated	  by	  HPLC,	  reducing	  the	  number	  of	  samples	  
required	  to	  be	  analysed	  with	  the	  more	  expensive	  and	  time	  consuming	  techniques,	  that	  are	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more	  acceptable	  for	  presentation	  in	  court,	  and	  thereby	  improving	  the	  overall	  efficiency	  of	  the	  
analysis.	  
8.5	  Further	  Work	  	  
The	  suggestions	  highlighted	  in	  this	  thesis	  for	  potentially	  useful	  future	  studies,	  to	  build	  on	  the	  
findings	  produced	  during	  the	  work	  for	  this	  thesis,	  are	  summarised	  in	  Table	  8.2	  
Table	  8.2	  Summary	  of	  Suggestions	  for	  Future	  Research	  
Theme	  (Section)	   Key	  Findings	  
Method	  Development	  (8.1)	   Perform	  stability	  studies	  to	  optimise	  the	  packaging	  and	  
storage	  conditions	  
Investigate	  the	  effects	  of	  grinding	  on	  intra-­‐location	  
variability	  
Investigate	  the	  effects	  of	  further	  reducing	  the	  working	  
concentration	  and	  sample	  amount.	  
	  
Generalisability	   Spatial	  
variability	  
(8.2)	  
Identify	  land	  use	  markers	  through	  analysis	  of	  the	  existing	  
data	  set	  	  
Collect	  samples	  from	  a	  wider	  range	  of	  land	  use	  types	  to	  
identify	  potential	  markers	  for	  additional	  land	  use	  types	  
Collect	  samples	  using	  more	  strictly	  controlled	  sample	  sites	  





Identify	  the	  markers	  most	  stable	  over	  time	  through	  analysis	  
of	  the	  existing	  data	  set	  
Identify	  markers	  most	  suitable	  for	  discriminating	  samples	  
collected	  at	  the	  same	  site	  at	  different	  times	  through	  analysis	  
of	  the	  existing	  data	  set	  
Collect	  samples	  more	  frequently	  to	  identify	  temporal	  trends	  
Collect	  samples	  more	  frequently	  to	  establish	  the	  stability	  of	  
the	  existing	  markers	  over	  shorter	  time	  periods	  
Collect	  samples	  over	  extended	  time	  periods	  to	  establish	  the	  
long	  term	  marker	  stability.	  
Collect	  additional	  samples	  to	  identify	  markers	  that	  best	  
discriminate	  samples	  collected	  at	  specific	  times	  of	  year	  
	  
Implementation	  (8.4)	   Isolate,	  purify	  and	  characterise	  marker	  compounds	  for	  use	  
as	  reference	  standards	  
Identify	  marker	  compounds	  through	  spectroscopic	  analyses	  
Validate	  the	  accuracy,	  precision,	  robustness	  and	  linear	  
range	  of	  the	  HPLC	  method	  for	  the	  identification	  and	  
quantification	  of	  peak	  ,marker	  sets	  A	  and	  B.	  
Investigate	  matrix	  effects	  by	  extracting	  HPLC	  profiles	  from	  a	  
range	  of	  evidence	  types	  
Determine	  the	  stability	  of	  the	  HPLC	  profiles	  on	  various	  types	  
of	  evidence	  under	  different	  environmental	  conditions	  
Conduct	  transfer	  and	  persistence	  studies	  to	  determine	  the	  





Further	  studies	  are	  required	  to	  optimise	  and	  validate	  this	  new	  HPLC	  technique	  for	  use	  in	  
forensic	  case	  work.	  	  As	  discussed	  in	  section	  8.1,	  it	  is	  necessary	  to	  optimise	  the	  method	  of	  
storage	  and	  packaging	  for	  the	  physical	  samples,	  to	  ascertain	  the	  stability	  of	  the	  samples	  when	  
refrigerated	  or	  frozen	  in	  different	  types	  of	  packaging,	  and	  to	  verify	  that	  the	  paper	  containers	  
used	  in	  this	  study	  do	  not	  introduce	  artefacts	  as	  the	  LDPE	  bags	  and	  glass	  vials	  were	  observed	  to.	  	  
It	  may	  also	  be	  appropriate	  to	  grind	  the	  individual	  replicate	  samples	  taken	  at	  each	  of	  the	  
locations,	  and	  it	  is	  therefore	  recommended	  that	  the	  effect	  of	  homogenising	  the	  samples	  is	  
investigated	  to	  ascertain	  whether	  this	  would	  improve	  the	  intra-­‐location	  variability,	  and	  
consequently	  the	  accuracy	  and	  confidence	  levels	  obtained	  in	  the	  statistical	  analysis.	  	  Careful	  
consideration	  of	  the	  effects	  of	  grinding	  the	  sample	  on	  the	  ability	  to	  correctly	  interpret	  the	  data	  
obtained	  from	  the	  sample	  would	  be	  necessary	  prior	  to	  introducing	  this	  step	  into	  the	  sample	  
preparation	  procedure,	  since	  homogenisation	  causes	  the	  irrevocable	  loss	  of	  information	  on	  
the	  internal	  variability	  of	  the	  composition	  of	  any	  given	  soil	  sample,	  which	  is	  necessary	  for	  the	  
correct	  interpretation	  of	  data	  obtained	  by	  other	  techniques,	  such	  as	  QGSTA,	  therefore	  there	  
may	  be	  practical	  and	  operational	  implications	  of	  grinding	  the	  samples	  prior	  to	  analysis,	  such	  as	  
changes	  to	  the	  order	  in	  which	  independent	  or	  complementary	  analyses	  are	  conducted.	  	  Peak	  
set	  A	  consistently	  produced	  relatively	  large	  peaks	  in	  this	  study,	  therefore	  there	  is	  potential	  to	  
use	  this	  method	  with	  smaller	  sample	  quantities,	  and	  so	  it	  is	  also	  recommended	  that	  further	  
experiments	  are	  conducted	  into	  the	  effect	  of	  reducing	  the	  working	  concentration	  on	  the	  signal	  
to	  noise	  values	  of	  the	  peaks	  of	  interest.	  	  	  
As	  this	  is	  the	  first	  time	  this	  HPLC	  method	  has	  been	  used,	  it	  is	  not	  possible	  to	  identify	  marker	  
compounds	  for	  specific	  types	  of	  vegetation	  through	  comparison	  of	  the	  chromatography	  
obtined	  in	  this	  study	  with	  previous	  studies	  published	  in	  the	  literature.	  	  It	  may	  be	  possible,	  
however,	  with	  further	  experimental	  research,	  to	  identify	  individual	  or	  groups	  of	  peaks	  which	  
are	  indicative	  of	  specific	  land	  uses	  or	  vegetation	  types	  (section	  8.2),	  by	  collecting	  additional	  
samples	  from	  a	  wider	  range	  of	  land	  uses,	  but	  with	  more	  strictly	  defined	  criteria	  for	  the	  
vegetation	  and	  land	  use	  of	  the	  sample	  groups	  used	  in	  future	  studies,	  for	  instance	  by	  selecting	  
sites	  with	  a	  limited	  range	  of	  types	  of	  vegetation	  eg.	  agricultural	  or	  forestry	  commission	  land.	  	  
Likewise,	  it	  may	  also	  be	  possible	  to	  select	  seasonal	  markers	  or	  identify	  temporal	  trends	  
through	  further	  studies	  utilising	  a	  more	  frequent	  sampling	  strategy	  (section	  8.3),	  which	  would	  
aid	  interpretation	  in	  cases	  where	  there	  has	  been	  a	  delay	  between	  time	  of	  the	  crime	  and	  the	  
collection	  of	  evidence	  and	  reference	  samples.	  	  Alternatively,	  it	  may	  be	  possible	  to	  utilise	  the	  
temporal	  variability	  observed	  for	  the	  two	  marker	  sets	  in	  this	  study	  to	  demonstrate	  the	  ability	  
of	  the	  HPLC	  technique	  to	  discriminate	  samples	  collected	  at	  different	  time	  points	  in	  future	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studies,	  or	  by	  performing	  additional	  analyses	  on	  the	  existing	  data	  set.	  	  In	  addition	  to	  
generating	  new	  data	  through	  further	  sample	  collection	  and	  analysis,	  it	  could	  be	  possible	  to	  
identify	  marker	  peaks	  better	  suited	  for	  examining	  temporal	  or	  land	  uses	  differences	  between	  
comparator	  samples	  by	  generating	  an	  algorithm	  to	  re-­‐examine	  the	  complete	  data	  set	  
generated	  for	  this	  thesis,	  with	  the	  specific	  aim	  of	  selecting	  the	  chromatographic	  features	  most	  
stable	  over	  time,	  or	  indicative	  of	  specific	  times	  of	  year,	  or	  land	  use	  types.	  	  It	  is	  therefore	  
recommended	  that	  further	  research	  should	  be	  conducted	  to	  identify	  land	  use	  markers	  for	  use	  
in	  conjunction	  with	  existing	  soil	  databases	  to	  enable	  the	  new	  HPLC	  method	  to	  be	  used	  in	  “seek	  
and	  find”	  intelligence	  cases.	  	  	  
In	  order	  to	  ultimately	  implement	  the	  HPLC	  technique	  in	  forensic	  casework	  in	  the	  UK,	  it	  will	  be	  
necessary	  to	  validate	  the	  technique	  in	  accordance	  with	  the	  regulator’s	  guidelines,	  which	  would	  
involve	  extensive	  investigation	  of	  both	  source	  and	  activity	  level	  propositions.	  	  It	  is	  first	  
necessary	  to	  establish	  that	  the	  HPLC	  method	  is	  suitably	  accurate	  and	  precise	  to	  identify	  and	  
quantify	  the	  marker	  peaks,	  by	  preparing	  isolating	  and	  purifying	  extracts	  of	  the	  marker	  
compounds	  and	  performing	  method	  validation	  on	  the	  current	  HPLC	  method,	  to	  establish	  the	  
linear	  range	  of	  the	  method	  and	  ensure	  reliable	  measurement	  of	  the	  marker	  peaks	  in	  future	  
analyses.	  	  Further	  characterisation	  of	  the	  peaks	  of	  interest	  is	  also	  required,	  for	  instance	  
through	  spectroscopic	  analysis	  of	  purified	  extracts,	  to	  enable	  confirmation	  of	  their	  identity	  in	  
future	  studies,	  for	  instance	  through	  the	  comparison	  of	  the	  UV	  spectra	  collected	  by	  the	  HPLC	  
using	  the	  current	  method,	  or	  by	  incorporating	  a	  subsequent	  MS	  detection	  step.	  	  In	  addition,	  it	  
will	  be	  necessary	  to	  determine	  any	  relevant	  matrix	  effects	  by	  examining	  the	  profiles	  obtained	  
for	  samples	  recovered	  from	  various	  evidence	  types	  eg.	  clothing	  and	  footwear,	  and	  the	  stability	  
of	  the	  profiles	  under	  different	  environmental	  conditions	  over	  time	  must	  also	  be	  established	  in	  
future	  studies.	  	  Furthermore,	  empirical	  studies	  should	  be	  conducted	  into	  the	  transfer	  and	  
persistence	  of	  soil,	  and	  any	  effects	  on	  the	  resulting	  HPLC	  profiles,	  on	  various	  surfaces	  and	  in	  





This	  thesis	  had	  seven	  aims,	  which	  were	  presented	  in	  Chapter	  2	  and	  here	  in	  table	  9.1	  
Table	  9.1	  Summary	  of	  objectives	  and	  conclusions.	  
Objective	   Conclusion	   See	  Section	  
1.	  	  To	  determine	  whether	  it	  is	  
possible	  to	  discriminate	  soil	  
samples	  obtained	  from	  different	  
locations	  within	  the	  same	  site	  
It	  was	  possible	  to	  discriminate	  
close-­‐proximity	  soil	  samples,	  as	  
high	  rates	  of	  accuracy	  were	  




2.	  	  To	  reduce	  the	  quantity	  of	  soil	  
required	  to	  prepare	  the	  HPLC	  
sample	  
A	  fourfold	  reduction	  in	  soil	  
quantity,	  relative	  to	  previous	  




3.	  	  To	  simplify	  the	  sample	  
preparation	  procedure	  
The	  sample	  preparation	  was	  
simplified	  from	  10	  steps	  to	  5	  steps,	  




4.	  	  To	  reduce	  the	  time	  required	  to	  
complete	  each	  analysis	  
The	  preparation	  time	  was	  reduced	  
to	  <1	  hour,	  compared	  to	  3-­‐16	  
hours	  in	  previous	  studies	  	  
Data	  Analysis	  now	  possible	  in	  










5.	  To	  apply	  the	  technique	  to	  
samples	  from	  locations	  
representing	  a	  range	  of	  
underlying	  geologies	  
Discrimination	  by	  HPLC	  was	  highly	  





6.	  	  To	  monitor	  temporal	  
variations	  in	  soil	  chromatography	  
Discrimination	  by	  HPLC	  was	  highly	  
accurate	  at	  different	  times	  of	  year	  
Discrimination	  by	  HPLC	  was	  robust	  




7.	  	  To	  compare	  the	  discriminatory	  
power	  of	  the	  method	  with	  
existing	  geoforensic	  techniques	  
HPLC	  offered	  higher	  average	  rates	  
of	  accuracy	  for	  discriminating	  
close-­‐proximity	  sites	  than	  wax	  
marker	  determination	  by	  GC	  
HPLC	  offered	  more	  accurate	  
discrimination	  than	  Quartz	  Grain	  















9.1	  Aim	  1:	  To	  determine	  whether	  it	  is	  possible	  to	  discriminate	  soil	  
samples	  obtained	  from	  different	  locations	  within	  the	  same	  site	  	  
	  This	  first	  aim	  was	  essential	  to	  augmenting	  current	  forensic	  geoscience	  capabilities	  and	  
providing	  investigators	  with	  a	  means	  of	  discriminating	  closely	  situated	  sample	  sites	  and	  
improving	  upon	  the	  spatial	  resolution	  offered	  by	  previous	  studies.	  	  This	  research	  presented	  in	  
this	  thesis	  demonstrated	  that	  100%	  accuracy	  in	  discriminating	  soil	  from	  different	  close-­‐
proximity	  locations	  was	  achieved	  in	  the	  feasibility	  study	  (Chapter	  4),	  and	  high	  levels	  of	  
accuracy	  were	  also	  achieved	  throughout	  the	  discriminant	  analyses	  performed	  in	  Chapters	  5-­‐7.	  	  
Therefore	  this	  thesis	  shows	  it	  is	  indeed	  possible	  to	  use	  HPLC	  profiling	  to	  distinguish	  soils	  from	  
different	  locations	  within	  the	  same	  site,	  which	  has	  not	  been	  demonstrated	  in	  any	  of	  the	  
previous	  studies	  in	  the	  published	  literature.	  	  	  
9.2	  	  Aim	  2:	  	  To	  reduce	  the	  quantity	  of	  soil	  required	  to	  prepare	  the	  
HPLC	  sample	  	  
This	  aim	  was	  critical	  to	  achieve	  in	  order	  that	  the	  technique	  was	  more	  applicable	  to	  trace	  
evidence	  analysis	  and	  relevant	  to	  a	  wider	  range	  of	  forensic	  scenarios,	  where	  only	  small	  
amounts	  of	  sample	  are	  available.	  	  The	  findings	  presented	  in	  Chapter	  3	  addressed	  this	  aim	  
demonstrating	  that	  it	  was	  possible	  to	  reduce	  the	  sample	  amount	  to	  250mg,	  compared	  to	  the	  
smallest	  amount	  quoted	  in	  the	  literature,	  which	  was	  1g.	  	  	  
9.3	  Aim	  3:	  	  To	  simplify	  the	  sample	  preparation	  procedure	  
The	  third	  aim	  was	  to	  simplify	  the	  sample	  preparation	  in	  order	  to	  reduce	  the	  minimise	  
opportunities	  for	  human	  or	  systematic	  errors,	  such	  as	  the	  contamination	  of	  samples,	  and	  this	  
aim	  was	  also	  achieved	  during	  method	  development	  (Chapter	  3)	  as	  the	  newly	  developed	  
method	  had	  only	  five	  steps	  compared	  to	  the	  most	  recent	  method	  in	  the	  literature,	  which	  had	  
10	  steps.	  
9.4	  Aim	  4:	  To	  reduce	  the	  time	  required	  to	  complete	  each	  analysis	  	  
The	  fourth	  aim	  of	  the	  project	  was	  to	  reduce	  the	  amount	  of	  time	  required	  to	  prepare	  and	  
analyse	  the	  HPLC	  samples,	  in	  order	  to	  better	  meet	  the	  needs	  of	  the	  predominantly	  commercial	  
providers	  of	  forensic	  science	  services	  in	  England	  and	  Wales,	  and	  this	  was	  achieved	  during	  
method	  development	  (Chapter	  3)	  and	  the	  development	  of	  data	  analysis	  strategies	  (Chapter	  5).	  	  
The	  sample	  preparation	  time	  was	  reduced	  from	  between	  3	  and	  16	  hours	  in	  previous	  studies	  to	  
less	  than	  one	  hour,	  and	  the	  analysis	  time	  was	  reduced	  to	  35min	  compared	  to	  100min	  in	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previous	  studies	  in	  Chapter	  3.	  	  The	  previous	  papers	  did	  not	  specify	  how	  long	  the	  data	  analysis	  
step	  took,	  however	  all	  utilised	  visual	  comparison	  as	  a	  preliminary	  step	  to	  discriminating	  
samples,	  which	  is	  highly	  subjective	  and	  labour	  intensive,	  and	  in	  Chapter	  4,	  semi-­‐automated	  
data	  analysis	  was	  possible	  through	  the	  use	  of	  pre-­‐selected	  sets	  of	  marker	  peaks,	  therefore	  
data	  analysis	  could	  be	  performed	  in	  a	  single	  step	  in	  SPSS,	  which	  resulted	  in	  a	  reduction	  of	  the	  
time	  required	  for	  data	  analysis	  from	  two	  hours	  for	  visual	  comparison	  of	  the	  data	  obtained	  for	  
the	  feasibility	  study	  (Chapter	  4)	  to	  approximately	  five	  minutes.	  	  The	  overall	  analysis	  time	  was	  
therefore	  significantly	  reduced	  relative	  to	  the	  previous	  studies	  and	  the	  newly	  developed	  
method	  represents	  a	  significant	  improvement	  to	  the	  status	  quo.	  
9.5	  	  Aim	  5:	  To	  apply	  the	  technique	  to	  samples	  from	  locations	  
representing	  a	  range	  of	  underlying	  geologies	  	  
The	  fifth	  aim	  of	  the	  project	  was	  to	  apply	  the	  technique	  to	  samples	  from	  locations	  representing	  
a	  range	  of	  underlying	  geologies,	  in	  order	  to	  establish	  whether	  the	  ability	  to	  discriminate	  was	  
restricted	  to	  a	  particular	  geographical	  location	  or	  type	  of	  underlying	  geology	  and	  assess	  the	  
ability	  to	  apply	  the	  technique	  across	  different	  geographical	  areas.	  	  This	  aim	  was	  achieved	  
during	  the	  development	  of	  data	  analysis	  strategies	  (Chapter	  5)	  and	  the	  examination	  of	  
geographical	  variability	  (Chapter	  6).	  	  It	  was	  demonstrated	  that	  the	  ability	  of	  the	  newly	  
developed	  HPLC	  technique	  to	  achieve	  highly	  accurate	  discrimination	  of	  close	  proximity	  
samples	  was	  not	  affected	  by	  the	  underlying	  geology	  of	  a	  site	  and	  could	  indeed	  be	  applied	  at	  a	  
range	  of	  different	  sites	  within	  the	  UK	  and	  internationally,	  therefore	  the	  technique	  was	  robust	  
to	  differences	  in	  underlying	  geology.	  
9.6	  	  Aim	  6:	  To	  monitor	  temporal	  variations	  in	  soil	  
chromatography	  
The	  sixth	  aim	  addressed	  in	  this	  research	  was	  to	  apply	  the	  technique	  at	  different	  times	  of	  year	  
to	  further	  assess	  the	  generalisability	  of	  the	  newly	  developed	  HPLC	  method,	  and	  this	  aim	  was	  
achieved	  during	  the	  examination	  of	  (Chapter	  6),	  where	  the	  technique	  was	  demonstrated	  to	  
achieve	  high	  levels	  of	  accuracy	  at	  all	  of	  the	  time	  points	  tested	  in	  this	  study.	  	  The	  newly	  
developed	  technique	  was	  not	  only	  able	  to	  discriminate	  close	  proximity	  locations	  accurately	  
throughout	  the	  year,	  but	  was	  also	  robust	  to	  delays	  in	  sample	  collection,	  which	  is	  beneficial	  to	  
the	  implementation	  of	  the	  technique	  in	  forensic	  casework	  where	  there	  can	  be	  no	  control	  over	  
the	  length	  of	  time	  between	  a	  crime	  being	  committed	  and	  being	  detected.	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9.7	  	  Aim	  7:	  To	  compare	  the	  discriminatory	  power	  of	  the	  method	  
with	  existing	  geoforensic	  techniques	  
The	  final	  aim	  of	  this	  thesis	  was	  to	  compare	  the	  ability	  of	  the	  newly	  developed	  techniques	  to	  
existing	  techniques,	  in	  order	  to	  establish	  the	  potential	  for	  the	  newly	  developed	  technique	  to	  
add	  value	  to	  forensic	  geoscience	  cases.	  	  The	  aim	  to	  compare	  the	  ability	  of	  the	  newly	  developed	  
technique	  to	  offer	  additional	  benefits	  over	  established	  techniques	  at	  discriminating	  samples	  
from	  close	  proximity	  locations	  was	  met	  in	  Chapter	  7,	  which	  investigated	  complementary	  uses	  
of	  the	  technique.	  	  The	  new	  HPLC	  technique	  was	  found	  to	  offer	  better	  discrimination	  of	  close	  
proximity	  locations	  than	  the	  quartz	  grain	  surface	  texture	  analysis,	  which	  is	  independent	  of	  the	  
organic	  analysis	  by	  HPLC,	  and	  could	  only	  exclude	  one	  of	  the	  four	  locations	  examined	  in	  this	  
study,	  while	  HPLC	  was	  able	  to	  discriminate	  all	  four	  locations.	  	  In	  addition	  HPLC	  was	  shown	  to	  
offer	  benefits	  over	  the	  determination	  of	  wax	  markers	  by	  GC,	  which	  is	  an	  established	  technique	  
currently	  used	  for	  the	  analysis	  of	  the	  organic	  fraction	  of	  soil	  in	  UK	  courts,	  offering	  higher	  
average	  accuracy	  rates	  at	  the	  majority	  of	  sites	  examined	  in	  this	  study.	  	  This	  shows	  	  that	  HPLC	  
can	  add	  value	  relative	  to	  both	  established	  independent	  techniques,	  adding	  to	  the	  weight	  of	  
evidence	  that	  forensic	  soils	  and	  sediments	  can	  provide	  to	  investigators.	  
9.8	  Summary	  
The	  research	  outlined	  in	  this	  thesis	  has	  achieved	  the	  primary	  aim	  of	  developing	  an	  HPLC	  
method	  for	  the	  discrimination	  of	  close	  proximity,	  trace	  soil	  and	  sediment	  samples	  for	  forensic	  
use,	  which	  has	  been	  achieved	  through	  the	  seven	  objectives	  detailed	  above.	  	  It	  has	  been	  
possible	  to	  reduce	  the	  sample	  quantity	  required	  by	  75%,	  and	  to	  double	  the	  sensitivity	  of	  the	  
analysis.	  	  The	  efficieny	  of	  the	  HPLC	  analysis	  was	  improved	  by	  186%	  which,	  along	  with	  the	  
simplified	  sample	  preparation,	  reduced	  the	  cost	  of	  performing	  the	  analysis	  by	  90%.	  	  This	  new	  
HPLC	  technique	  offers	  small-­‐scale	  resolution	  that	  was	  previously	  unavailable,	  allowing	  
investigators	  the	  ability	  to	  discriminate	  soils	  with	  better	  spatial	  precision	  than	  the	  analytical	  
techniques	  previously	  presented	  in	  forensic	  geoscience	  literature,	  and	  was	  also	  shown	  to	  offer	  
a	  higher	  rate	  of	  accuracy	  than	  two	  established	  techniques	  when	  discriminating	  soils	  
from8u544	  the	  close-­‐proximity	  locations	  used	  in	  this	  study.	  	  	  
The	  findings	  of	  this	  research	  are	  important	  for	  two	  key	  reasons,	  firstly	  the	  demonstration	  of	  
the	  excellent	  ability	  of	  HPLC	  to	  allow	  discrimination	  at	  close	  proximity	  locations	  provided	  in	  
this	  thesis	  greatly	  improves	  potential	  impact	  of	  the	  technique	  through	  the	  possibility	  of	  
applying	  forensic	  geoscience	  in	  a	  wider	  range	  of	  cases,	  and	  secondly	  the	  consideration	  of	  the	  
needs	  of	  end-­‐users	  during	  the	  method	  development	  and	  experimental	  design	  stages	  show	  that	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it	  is	  possible	  to	  undertake	  meaningful	  forensic	  science	  research	  that	  is	  also	  attractive	  to	  
commercial	  forensic	  service	  providers	  in	  the	  context	  of	  the	  continued	  reduction	  in	  police	  
spending	  on	  forensic	  science.	  	  	  
For	  the	  first	  time	  it	  has	  been	  demonstrated	  that	  HPLC	  analysis	  allows	  for	  highly	  accurate	  
discrimination	  of	  trace	  quantities	  of	  soil	  in	  the	  forensically	  relevant	  scenario	  in	  which	  the	  
locations	  of	  interest	  are	  situated	  within	  the	  same	  site	  or	  spatially	  constrained	  area,	  where	  the	  
underlying	  geology	  is	  unlikely	  to	  vary	  and	  therefore	  traditional	  techniques	  based	  on	  
mineralogy	  and	  elemental	  analysis	  may	  be	  less	  useful.	  	  The	  technique	  was	  shown	  to	  offer	  
benefits	  when	  used	  in	  conjunction	  with	  existing,	  established	  techniques,	  enhancing	  the	  quality	  
and	  utility	  of	  the	  intelligence	  offered	  by	  forensic	  soil	  and	  sediment	  analysis	  through	  allowing	  
the	  advantages	  of	  the	  extremely	  high	  levels	  of	  accuracy	  and	  small	  scale	  spatial	  resolution	  
offered	  by	  the	  HPLC	  method	  to	  be	  combined	  with	  the	  use	  of	  the	  soil	  and	  land	  use	  databases	  
created	  using	  more	  established	  techniques	  to	  assist	  provenance	  determination	  in	  “seek	  and	  
find”	  cases	  .	  	  	  
This	  work	  has	  therefore	  expanded	  the	  range	  of	  forensic	  scenarios	  to	  which	  forensic	  geoscience	  
techniques	  can	  be	  applied,	  and	  added	  to	  the	  variety	  of	  crime	  reconstruction	  challenges	  that	  
the	  information	  afforded	  from	  the	  analysis	  of	  soils	  and	  sediments	  can	  assist	  investigators	  in	  
tackling.	  	  Furthermore,	  through	  ensuring	  that	  the	  operational	  needs	  of	  practitioners	  and	  the	  
commercial	  concerns	  of	  other	  relevant	  stakeholders	  have	  been	  addressed	  and	  prioritised	  
appropriately,	  in	  light	  of	  the	  serious	  financial	  and	  regulatory	  constraints	  faced	  by	  forensic	  
science	  practitioners	  in	  the	  UK,	  this	  thesis	  presents	  sound	  scientific	  research	  that	  not	  only	  
offers	  a	  novel	  approach	  to	  forensic	  geoscience	  and	  crime	  reconstruction	  but	  also	  maximises	  
the	  potential	  impact	  of	  the	  research	  findings	  by	  developing	  a	  truly	  practical,	  user-­‐friendly	  and	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